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REMARKS 

Claims 1-18 have been canceled, new claims 20-43 are pending. The new claims are 
consistent with the restriction requirement. Non-elected claims are cancelled without prejudice. 
Support for the added claims is found as follows: 



Added Claims 


Support in the Specification 


Claim 19 


Page 2; lines 34-36; page 3 lines 14-18, 26-27, 32-36; page 6, lines 31- 
34 


Claim 20 


Page 3, lines 33-36; page 4, lines 44-46; page 5, lines 9-12; page 9 
lines 42-47 


Claims 21-22 


Page 5, lines 9-19, former claim 6 


Claim 23 


Page 4 lines 44-46, former claim 4 


Claims 24-25 


Page 5, lines 20-28, 40-46; page 10, lines 23-37 


Claim 26 


Page 6, lines 4-8, former claim 10 


Claims 27-28 


Page 6, lines 10-11; page 13, lines 14-21; former claim 11; Example 5 
at pages 19-20 


Claim 29 


Page 6, lines 24-29; page 13, lines 16-19, 26-30; former claim 15 


Claims 30-31 


Example 2 at pages 15-16; Example 5 at page 19-20 


Claims 32-33, 
40-43 


Page 6, lines 19-22, 31-39; page 12, lines 40-41; page 13, lines 23-26; 
Example 5 at pages 19-20 


Claims 34-35 


Page 6, lines 29-39, 41-44; page 7, lines 1-4 


Claims 36-39 


Page 2, lines 38-44; page 3 lines 14-18, 26-27, 32-36; page 5, lines 9- 
12; page 6, lines 19-22, 29-39; Example 5 at pages 19-20 
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Objections to the Specification 

The Examiner objects to the abstract as being grammatically incorrect and an incomplete 
sentence. A replacement abstract is enclosed which is based on the abstract shown on the 
corresponding international published application. No new matter has been added. 

The Examiner objects to the disclosure for containing an embedded hyperlink. The 
paragraph which contained an embedded hyperlink has been amended to delete the hyperlink and 
replaced the hyperlink with the corresponding information. 

The Examiner objects to the claims because the lines are crowded too closely together. 
In light of the above claims amendments, the objection is believed to be rendered moot. 

The Examiner objects to the title as not being descriptive. The title has been amended to 
adopt the Examiner's suggested title. 

The Examiner noted the use of trademarks and requested that they be capitalized. The 
Trademarks noted by the Examiner have all been capitalized by amendment. 

For these reasons, reconsideration and withdrawal of the objections to the specification 
are respectfully requested. 

Objection to the Oath/Declaration 

The Examiner objects to the oath or declaration as being defective and not complying 
with 37 CFR § 1 .67(a) for not identifying this application by application number and filing date. 

Applicants respectfully disagree. Please note that this application entered the U.S. as a 
National Stage Application pursuant to 35 U.S.C. § 371. A Notice of Acceptance of Application 
under 35 U.S.C. § 371 and 37 CFR § 1.495 was issued October 30, 2003, which stated that all 
requirements were met. Applicants respectfully point out that 35 U.S.C. § 371 (c)(4) and 37 
CFR § 1.497 govern the oath or declaration for an application entering the U.S. National stage 
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from an international application. Furthermore, pursuant to MPEP § 1896, reference to the 
application in a Declaration under National Stage Applications (submitted under 35 U.S.C. § 
371) "may refer to the international application." The Declaration of this application was filed at 
the same time as the National Stage Application, was signed by all inventors, and correctly 
references the international application by application number and filing date. The Declaration 
meets all the requirements as set forth under 35 U.S.C. § 371 (c)(4) and 37 CFR § 1 .497, as 
indicated in the Notice of Acceptance. Applicants respectfully request withdrawal of the 
objection. 

Objections to the Claims 

The Examiner objected to the claims because of informalities regarding the recitation of 
non-elected subject matter, of the dependencies to non-elected claims, and because of improper 
form of multiple dependencies. In light of the cancellation of the claims and the presentation of 
new claims in the proper format, these objections are believed to be rendered moot. As noted, the 
newly-presented claims are drawn to the elected subject matter. 

Rejections under 35 U.S.C. § 112, first paragraph 

Former claims 1-2 and 6-16 were rejected under 35 U.S.C. § 1 12, first paragraph, for 
allegedly failing to comply with the written description requirement and for lack of an enabling 
disclosure. Applicants respectfully submit that the rejections based on 35 U.S.C. § 1 12 should 
not apply to added claims 19-43. 

Written Description Rejection 

The Examiner argues that the former claims lacked written description support, on the 
basis that the specification does not describe a representative number of anti-HGD sequences (or 
HGD sequence motifs) or the structural features common to a genus of anti-HGD sequences. 

Please note initially that the claims are now drawn to a method for tocopherol production 
in a transgenic plant and corresponding transgenic plants. There are no claims to nucleic acids or 
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vectors. The specification at pages 8 and 9 provides guidance for the applicability of the present 
method to more than a single species of antisense sequence and to more than one plant. 

More specifically, Example 2 provides guidance that the exemplary Brassica napus HGD 
sequence (from which the anti-HGD is prepared) is readily derivable from sequence alignments 
of well known HGD sequences of Arabidopsis thaliana, Homo sapiens and Mus musculus (see 
Specification Example 2 pages 15-16). To illustrate more expressly what is disclosed in that 
example, Applicants enclose Exhibit 1, which is the sequence alignment of HGD sequences from 
Brassica napus, Arabidopsis thaliana, Homo sapiens and Mus musculus as described in Example 
2. In Exhibit 1, the identical nucleotides are marked by yellow boxes. 

Applicants submit that a person of ordinary skill in the relevant art (and the level of skill 
is high, as explained below) could use such alignments to recognize structural features common 
to members of the genus, as taught by the specification. 

The applicable test for written description is stated in the "Guidelines for Examination of 
Patent Applications Under the 35 U.S.C. 1 12, 1, Written Description Requirements" 66 Fed. 
Reg. 1099, 1 106 (Jan. 5, 2001). As there indicated, the written description requirement for a 
claimed genus can be satisfied in a number of alternative ways, such as through sufficient 
description of a representative number of species by actual reduction to practice, by disclosure of 
relevant identifying characteristics, by functional characteristics coupled with known or 
disclosed correlation between function and structure, or by a combination of such identifying 
characteristics. 

Based on the high level of sequence similarity, the skilled artisan would readily 

understand possession of any number of sequences based on the conserved areas of the genes. 

For example, the skill artisan would recognize that smaller fragments of the 575-mer shown in 

the working example would be suitable antisense molecules. As mentioned in Example 15 of the 

USPTO Synopsis of Application Written Description Guidelines ("Synopsis"): "It is generally 

accepted in the art that oligonucleotides complementary to a messenger RNA, including 

fragments of the full-length complement, have antisense activity when they match accessible 

regions of the target mRNA." Following that rationale, Example 15 suggests adequate support 
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for generic claims where only a full-length antisense molecule is actually shown in the examples. 
It should be appreciated that the sequence of HGD from any of the crop plants encompassed by 
the claims could be aligned with HGD sequences the same way, to immediately envision anti- 
sense sequences. 

In view of the species disclosed, and the common features evident from an alignment of 
HGD sequences from the prior art, it can be concluded that the skilled artisan would have 
recognized that Applicants were in possession of a genus of antisense HGD molecules useful in 
the claimed process. 

Example 18 of the Synopsis is also relevant. That example involves a claimed invention 
for a method of producing a protein. There was actual reduction to practice of a single 
embodiment, and there was no substantial variation within the genus because there are a limited 
number of ways to practice the process steps. Similarly, the present specification describes a 
method for the production of transgenic plants which produce tocopherol by specifically 
inhibiting a portion of the tocopherol pathway, such as with an antisense molecule specifically 
described as SEQ ID NO: 1, and further provides an actual reduction to practice using a specific 
antisense molecule. That process is the same irrespective of the selection of the antisense 
molecule. 

For these reasons, it is submitted that claims 19-43 are in compliance with the written 
description requirement. 

Enablement Rejection 

The Examiner asserts that the invention as claimed in the former claims was not enabled. 
As relevant to the added claims, the Examiner notes that the specification is enabling only for a 
specific sequences used in the working example. Applicants respectfully disagree for the 
following reasons discussed in view of the factual factors identified as relevant in In re Wands, 
858 F.2d 731 (Fed. Cir. 1988). Applicants submit that a proper Wands analysis favors a 
conclusion of enablement. 
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(1) Breadth of Claims : The invention as now claimed is directed to a method of 
promoting the biosynthesis of tocopherol in a transgenic plant and to the corresponding 
transgenic plants produced therefrom. Furthermore, the claims call for inhibiting the expression 
of HGD in the transgenic plant. Thus, the claims are not unduly broad, but rather are focused on 
the suppression of one branch of the pathway metabolizing homogentisate, to direct the pathway 
to the biosynthesis of tocopherols (see Figure 1). This allows for the production of transgenic 
plants with increased tocopherol content. It is correct that the claims encompass different means 
of inhibiting HGD, but as explained below, the different means are disclosed in the specification 
and are within the ordinary skill of the art. 

(2) The State of The Art/Nature of Invention/Predictability of The Art : The 
Examiner asserts that one of skill in the art cannot predict which unspecified anti-HGD 
homogentisate dioxygenase nucleic acid sequences in sense or antisense orientation or what 
other types of non-exemplified anti-HGD would be capable of inhibiting HGD activity when 
expressed in a plant because most binding sites that are vulnerable to an antisense sequence are 
inaccessible. The Examiner refers to Branch et al. (hereinafter "Branch") for support. 

In response, the disclosure and teaching in Branch refer to problems with antisense 
molecules in the context of their therapeutic use as antisense drugs. The focus of the Branch 
article is on drug design and development where the non-antisense effects and binding site 
inaccessibility discussed were found to be impediments to rational antisense drug design (see 
abstract, pages 45-46). Branch discusses the antisense technology in the framework of 
administering the antisense molecules as a drug in the form of short oligodeoxynucleotides 
(ODNs). The present invention relates to the field of plant biotechnology and not to the 
administration of antisense molecules in the form of drugs or ODNs. Thus, it can be seen that 
Branch is not particularly relevant in the context of what Applicants are claiming. 

As more indicative of the state of the relevant art, Applicants enclose Exhibit 2, a review 
article on antisense strategies in plants. J.E. Bourque, Antisense strategies for genetic 
manipulations in plants, Plant Science (1995) Vol. 105, pages 125-149 (hereinafter "Bourque"). 
Bourque discloses that antisense strategies for genetic manipulations in plants were well 
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established in the art before the priority date of the present invention. Bourque describes 
numerous examples of how antisense sequences have been utilized in plant systems as a method 
for gene inactivation and as a means of down regulating specific genes of interest. These 
examples encompass production of mutants, steps in metabolic pathways, identification of gene 
function, specificity of sequence/promoters, crop improvement, plant development to name a few 
(see Bourque, Table 1 at page 128, and pages 127-134). Thus, the art is actually more predictable 
than the Examiner has assumed. 

The Examiner further alleges that absent clear and specific information in the 
specification regarding the identity and structure of each anti-HGD nucleic acid sequence 
encompassed by the claims and that each anti-HGD sequence would play a role in HGD activity, 
one skilled in the art would be unable to make anti-HGD sequences with predictability. In 
response, there has never been a requirement that every species encompassed by a claim must be 
disclosed or exemplified in a working example. In re Angstadt, 537 F.2d 498 (CCPA 1976). 

The Examiner is correct to note that "anti-HGD nucleic acids" includes antisense, 
ribozymes and external guide sequence. The Examiner notes it also covers, citing Waterhouse et 
al (hereinafter "Waterhouse"), the sense co-suppression of gene expression. All are dependent 
on a recognizable degree of homology between transgene and target sequence. In response, the 
specification teaches these specific strategies (pages 3-4) and provides relevant literature 
citations for the various strategies. The Examiner has not pointed out any reasons why the skilled 
artisan would be unable to practice any of these strategies. Waterhouse serves to confirm that 
these alternate strategies of gene inhibition using nucleic acids were known in the art. 

(3) Guidance : The Examiner asserts that the application does not teach expression 
cassettes, vectors or plants comprising HGD nucleic acid sequences or motifs other than the 
antisense sequence of SEQ ID NO: 1 for generating transformed Brassica napus plants. The 
Examiner further states that given the lack of guidance, undue trial and error experimentation 
would be required to screen through the multitude of non-exemplified antisense and sense 
sequences, ribozymes or external guide sequences by producing transformation vectors and 
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transforming plants to identify those that when expressed in plants would be useful for inhibiting 
the activity of HGD. Applicants respectfully disagree. 

While the working examples disclose the expression construct, vector and transformation 
of Brassica napus plants with the antisense sequence of SEQ ID NO: 1, Example 2 and the 
specification contain detailed guidance on how to identify suitable anti-HGD sequences, which 
involves aligning the HGD sequences and identifying relevant regions on which to base anti- 
HGD nucleic acids. That same methodology could be readily used to produce other molecules 
than the exemplified antisense sequence (which could be routinely screened, as explained 
below). Guidance is not limited to the working examples, but includes all the disclosure in the 
specification on how to practice the claimed invention. 

Here, the specification provides detailed guidance on many different methods for 
identifying and making anti-HGD nucleic acid sequences, producing vectors and transforming 
plants therewith. For example, on page 3, lines 38-47, through page 4, lines 1-30, various 
methods of inhibiting HGD expression are disclosed, such as overexpression of homologous 
HGD sequences which lead to cosuppression, induction of specific RNA degradation by a plant 
with the help of an amplicon, insertion of nonsense mutations into the endogene, generating 
knockout mutants, or homologous recombination. At page 8, lines 34-47, through page 9, lines 
1-8, additional methods for obtaining suitable artificial nucleic acid sequences with the desired 
characteristic are disclosed, such as coding nucleotide sequences obtained by back translation in 
accordance with host-plant-specific codon usage. The specification at page 12, lines 27-38, 
discloses various transformation vectors. Starting at page 9 line 42 through page 12 line 8, 
guidance for expression cassettes and appropriate promoters is disclosed. Furthermore, Example 
2 teaches the isolation of a suitable anti-HGD sequence by comparison of the DNA sequences of 
known HGD from three species allowing oligonucleotides to be deduced (see Exhibit 1 for the 
sequence alignments) and Example 5 teaches the generation of transgenic Brassica napus plants. 

The high sequence homology in HGD genes (Exhibit 1) provides guidance for identifying 
useful sequences in all of these embodiments. 
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(4) The Presence of Working Examples : The Examiner has not specifically discussed 
the presence of working examples and thus has not relied upon this factor in concluding that 
undue experimentation would be required. The Examiner has stated that the specification 
teaches transformation of Brassica napus with a vector comprising SEQ ID NO: 1, an antisense 
fragment isolated from Brassica napus cDNA library using PCR primers derived from an 
Arabidopsis HGD encoding nucleotide sequence. See Office Action, page 8. Applicants 
respectfully submit that the detailed working examples evidence the enablement of the claims. 
The basic steps of the method are the same regardless of the specific anti-HGD sequence used. 
Applicants show how to obtain an anti-HGD nucleic acid sequence, provided detailed directions 
on how to generate an expression cassette, vector, and transgenic plant with increased tocopherol 
content. See Examples 2 and 5. This factor clearly favors enablement. 

(5) Experimentation Required : The Examiner asserts that undue trial and error 
experimentation would be required to screen through non-exemplified antisense and sense 
sequences, ribozymes or external guide sequences by producing transformation vectors and 
transforming plants to identify those that when expressed in plants would be useful for inhibiting 
the activity of HGD. 

In response, Applicants agree that screening could be used to identify which anti-HGD 
nucleic acids would inhibit HGD in a plant cellular environment when expressed. The relevant 
question, therefore, is whether such screening constitutes "undue experimentation." Applicants 
submit that the evidence of record supports a finding that the required experimentation is not 
undue. 

For example, as pointed out in Bourque (Exhibit 2), one skilled in the art will recognize 
that antisense sequences can be analyzed for their optimum length, homology to coding region, 
and specificity of action to optimize the desired suppressive effect. While this work may be 
tedious, it is routine. Exhibit 2, page 144, 2nd column. 

Under the applicable law, the test for "undue experimentation" is not merely quantitative, 

since a considerable amount of experimentation is permissible, if it is merely routine, or if the 

specification in question provides a reasonable amount of guidance with respect to the direction 
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in which the experimentation should proceed to enable the determination of how to practice a 
desired embodiment of the invention claimed. Ex parte Jackson, 217 USPQ 804, 807 (1982). 

No evidence in the record supports a finding that the required experimentation is undue. 

(6) Skill of Those in The Art: The Examiner did not address the skill of those in the 
art, but it is certainly very high. A person of ordinary skill in the art involved in the 
transformation of plants would have an advanced degree in the relevant science and several years 
of work experience. Such an artisan would be highly trained in the use of various plant 
transformation systems. Such a highly trained scientist would also have a familiarity with 
various regeneration systems and with various systems of gene expression in plants including 
antisense strategies. The very high training and experience level of those skilled in this art 
means that only very extensive and very unpredictable experimentation would rise to the level of 
"undue" in this art. 

(7) Summary of Wands Factors: In view of the subject matter now claimed, the 
detailed disclosure in the specification, the inapplicability of the Branch reference, the high skill 
in the art and the state of the art, it is respectfully submitted that the specification fully enables 
one skilled in the art to practice the claimed invention without undue experimentation. 
Reconsideration and withdrawal of the enablement rejection is respectfully urged. 

Rejections under 35 U.S.C. § 112, second paragraph 

Former claims 1, 11-13 and 15 were rejected under 35 U.S.C. § 1 12, second paragraph, 
for indefmiteness. Claims 1, 11-13 and 15 have been canceled. The newly presented claims are 
believed to recite limitations with proper antecedent basis, do not recite a broad range and 
limitation together or the term "such as", and do not claim a use. In light of the cancellation of 
former claims 1,11-13 and 15, the rejection is believed to be rendered moot. 

Rejections under 35 U.S.C. $ 101 

Former claims 12 and 13 were rejected under 35 U.S.C. § 101 for recitation of a use. 
Claims 12 and 13 have been canceled. Therefore the rejection is believed to be rendered moot. 
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Rejections under 35 U.S.C. S 102(b) 

Former claims 1-2, 6-7 and 10 were rejected under35 U.S.C. § 102(b) as being 
anticipated by Fernandez-Canon et al (hereinafter "Fernandez"). 

This reference does not anticipate the subject matter of added claims 19-43. The 
reference does not teach transformation of plants or biosynthesis of tocopherol in a transgenic 
plant by which the expression of HGD in the transgenic plant is inhibited. 

Rejections under 35 U.S.C. § 103(a) 

Former claims 1-2 and 6-16 were rejected under 35 U.S.C. § 103(a) as obvious over 
Fernandez in view of Tsegaye et al (hereinafter "Tsegaye"). According to the Examiner, 
Fernandez teaches a cloning/expression vector cassette (pGEX-2T) comprising an antisense 
HGD nucleic acid sequence (hmgA from Aspergillus nidulans) designated pGEX::AGMH 
transformed into E. coli. The Examiner admits that Fernandez does not teach a recombinant 
vector comprising a 35S or plant specific promoter and an OCS terminator functionally linked to 
an anti-HGD nucleic acid and a host microorganism comprising said recombinant vector; a plant 
transformed with said vector or microorganism comprising said vector, and a method of 
transforming a plant with either the vector or microorganism. The Examiner characterizes 
Tsegaye as teaching transformation of Arabidopsis with a recombinant vector construct 
comprising either a plant specific promoter DC3 or a 35S promoter operably linked to an 
antisense homogentisate dioxygenase cDNA from Arabidopsis that encompasses a HGD 
sequence motif in accordance with SEQ ID NO: 1 in antisense orientation. 

The Examiner concluded that it would be obvious at the time of the invention to modify 
the bacterial anti-HGD expression cassette of Fernandez to substitute a 35S promoter or plant 
specific promoter and OCS terminator for Agrobacterium tumefaciens mediated transformation 
of Arabidopsis to express an anti-HGD in a plant. The Examiner reasoned that one skilled in the 
art would be motivated to make this modification because it is known that an anti-HGD 
expression construct with the appropriate promoters are valuable for studying tocopherol 
production in plants and for transforming plants for greater tocopherol production as taught by 
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Tsegaye. The Examiner further argues that the Agrobacterium mediated transformation as 
taught by Applicants is easily applied to a wide range of plants and one would have a reasonable 
expectation of success of transforming Arabidopsis and selecting transformed plants in view of 
the success of Tsegaye. 

In response, Applicants believe that the rejection as stated is no longer applicable. 
Applicants also suggest that the added claims would not have been obvious from the prior art, 
individually or combined. 

Applicants respectfully disagree with the Examiner's characterization of Tsegaye, and 
submit that Tsegaye does not anticipate or obviate the subject matter of the claims. 

To be anticipatory, a prior art reference must be enabling. There was no reported 
"success" in Tsegaye. The Tsegaye reference is an abstract which neither discloses specific 
constructs nor specific antisense sequences nor actual data supporting an improved tocopherol 
production by transgenic Arabidopsis plants, and does not report any results or even prove the 
concept of what is alleged. Tsegaye discloses a theoretical model with a prediction based on a 
two step process. Tsegaye does not disclose the success as characterized by the Examiner. 

As explained by the court in In re Dow Chemical Company, 837 F.2d 469, 473 (Fed. Cir. 
1988), it is insufficient to find obviousness that the prior art can be read as suggesting that an 
experiment would be obvious to try. There must also be an indication in the prior art that it is 
likely to succeed. Furthermore the court held that "both the suggestion and the expectation of 
success must be found in the prior art, not in applicant's disclosure." Id, See also, Ex Parte Fuh, 
2002 WL 31234529 (Bd. Pat. App. & Interf. 2002) (the claim called for a treatment of certain 
cancers, and the prior art suggested the claimed therapy but did not determine whether the 
therapy would work; the Board held that: "while suggesting that growth hormone antagonists 
may be used in the treatment of cancers whose growth is facilitated by endogenous growth 
hormone, [the prior art reference] does not contain a sufficient teaching that the claimed result 
would be obtained. Thus, the answer fails to set forth a prima facie case that the claims are 
rendered obvious . . . "). A copy of Ex Parte Fuh is attached as Exhibit 3. 
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The concept expounding in Tsegaye is also different from what is claimed. The reference 
speculates about crossing a first transgenic Arabidopsis comprising a construct with an 
Arabidopsis HGA-dioxygenase gene in antisense orientation, with a second transgenic plant 
which overexpresses HPPD. It was proposed to assess the effect on tocopherol production in 
different tissues of the crossed plants. There is no suggestion of increased tocopherol production 
in the singly transgenic plants which express the antisense sequence only. 

For these reasons, reconsideration and withdrawal of the obviousness rejection is 
requested. 



For at least the above reasons, Applicants respectfully request withdrawal of the 
rejections and allowance of the claims. 

Accompanying this response is a petition for a three month extension of time to and 
including June 30, 2005 to respond to the Office Action mailed December 30, 2004 with the 
required fee authorization. No further fees are believed due. 

If any additional fee is due, please charge our Deposit Account No. 03-2775, under Order 
No. 1311 1-0001 1-US from which the undersigned is authorized to draw. 



CONCLUSION 



Respectfully submitted, 



Roberte M. D. Makowski 



By 
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1. Introduction 

Antisense RNAs were initially recognised, in 
bacteria as naturally occurring mechanisms for 
regulation of gene expression [l] which subse- 
quently led to the design of artificial antisense con- 
trol strategies 12,3]. Even though the first 
engineered experiments in this area were done in 
mouse cells expressing complementary RNAs 
against thymidine kinase [4], it was in plants that 
the first multicellular eukaryotic organism was 
transformed with a foreign antisense gene [5]. The 
technology of antisense has been exploited to a 
much greater degree in prokaryolic and mammali- 
an than in plant systems. As the literature grows 
with more and more successes since the first report 
of inhibition of the chloramphenicol acetyltrans- 
ferase (CAT) marker gene in carrot protoplasts [6] 
and that of the chalcone synthase endogenous 
gene [7] in transgenic petunia plants, antisense 
strategies are being increasingly utilized in plant 
systems as a means cf down regulating specific 
genes of interest. 

The underlying mechanism(s) of gene inactiva- 
U'on in transgenic plants have recently been the 
focus of many investigations [reviews 8,9]. Pre- 



vious to this, experiments involving the regulation 
of gene expression have been more concerned with 
obtaining suppression than with the molecular 
basis of these effects in plant systems. The phe- 
nomenon of cosuppression (10], observed in trans- 
genic plants overexpressiag an endogenous gene 
and thought, by some researchers [II], to involve 
antisense transcripts, ignited an area of research 
which is rapidly collecting proposed theories for 
plant gene silencing. In studies involving antisense 
[12] and sense expression of target gene sequences 
[10,11), the possibility of trans interactions has 
been suggested [8-10]. Transformation of plants 
with transgenic constructs can often increase the 
copy number of homologous DNA sequences, 
both promoter regions [13] and coding regions 
[14]. These transgenes, although often expressing 
homologous gene copies and/or promoters on sep- 
arate plasmids, have been shown to contribute to 
epigenetic silencing [15] and to occur both in 
doubly transformed plants [13] and plants derived 
from sexual crossings [16]. Reversal of this effect 
has been correlated to decreases in methylation of 
foreign DNA [13,17] and dependence has been 
linked with position of repeated sequences [15] 
since mactivation is often reversed when the copies 
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are segregated in subsequent progenies [18]. The very unstable, leaving no detectable signal. Corn- ? 

effect from ectopic DNA pairing also suggests plementary mRNAs have been found in the nucle- 

condensation of chromatin into a non-transcrib- us as hybrids (24] as well as in the cytoplasm (5J , 

able state [19J. These proposed theories on sense (Fig, 1). The reduction of the targe; mRNA caused i 

gene silencing all argue against the involvement of by gene inacuvation through antisense sequence t 

antisense RNA in trans inactivation (15 t 20). expression has been reported to vary from several i 

Therefore, this review will not analyze all the fac- fold [5], implicating mRNA degradation, to t 

tors involved in transgene silencing in plants to undetectable levels {25), suggesting the inhibitory e 

date, but rather discuss the specific applications of phenotype could be due to either interference of | 

and the potential modes of action involved with transcription in the nucleus or degradation of ) 

plant gene regulation and inhibition via antisense RNA/RNA hybnds in the cytoplasm. Details of t 

strategies. proposed mechanisms of action of antisense £ 

RNAs in plants will be discussed later in the text. j 

1 Rationale for antisense action s 

3. Naturally occurring antisense in plants? f 

Antisense RNAs were originally defined as \ 

small diffusible transcripts [3], which lack coding A few instances of naturally occurring com- c 

capacity and bind by base pairing to specific com- plementary sequences in plants have been docu- $ 

plementary regions of a target RNA acting as a mented In 1986, Rezaian and Symons [26], while 

repressor of normal function and as a highly speci- studying the cucumber mosaic virus (CMV) f noted n 

fic inhibitor of gene expression [21]. However, a small single- stranded satellite (sat) RNA of 334 << 

from the many reports on this topic, the mecha- to 339 nucleotides. This RNA could not replicate s 

Qisra of repressed gene expression caused by an- in the absence of CMV and required CMV func- & 

tisense mRNA remains poorly understood. The tion for its replication. Nucleotide sequences of c 

rationale behind the application of antisense genes sat-RNA compared with the viral genome se- [) 

in plianis is the in vitro synthesis of complementary quences displayed no extended regions of homoi- p 

RNA> which subsequently hybridizes to its target ogy. However, a 5' region of sat-RNA was found a 

RNA and prevents expression. In bacteria, the an- to be complementary to a small part of the minus d 

tisense RNA functions to interfere with translation p 

most likely by annealing to the mRNA and block- ti 

ing ribosome binding and initiation in the cyto- — ' c 

plasm, but direct inhibition at the transcriptional ft 

level by binding to the extreme 5' end of the / NUCL£us \ u 

mRNA haa also been observed [3,22]. Target and / ;;;;;;; * ; y * y \ / 

antisease RNAs. are generally completely com- / ' ' ' ' ' ' ' mWU ' ' ' ' 1 ' ' \ * 

plementary since they are usually transcribed from I ' rm <^g) ,*fT??, / ™ 

promoters in opposite directions on the same V ^ ^ r-ri / Q 

DNA segment. In natural antisense RNA regula- r )^^ TTn / ft 

tion in prokaryotic systems, an interaction be- v£J< > „u\i 0 / u 
tween the loop regions of the antisense RNA and . • li 

the secondary structure of the sense RNA are CYTOPLASM ^-^^ — h 

thought to initiate reversible pairing of a few *«i ^ »"■■•' t(MWk tl 
nucleotides which is followed by the formation of Cv3 np nm ^ J= ^ rr-rmm 

a stable and specific RNA duplex (3,23J. © ^^(T) lc 

In eukaryotes, the RNA duplex [24] could w w 

potentially interfere with the norma) processing of ^ , t< - , - , , m 

the mRNA, its transport from the nucleus or its mtMt ^ 2 b|ockl MBSpo|X ml0 ^ „ 

translation in the cytoplasm (2). It is also possible p i« m; 3 t pw*m ribosonn: binding, interfere* with tran** si 

that RNA duplexes formed in the cytoplasm are Ution. j n 
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strand sequences at the 5 ' end of CMV RNA 1 
and 2. In vitro studies demonstrated that sat-RN'A 
does bind to CMV RNA 3 and 4 and specifically 
interacts with the CMV coat protein by forming an 
unconventional knot-like structure. It is feasible 
that this binding could regulate coat protein syn- 
thesis. Natural RNAs usually contain only small 
stretches of complementary sequences, but Rogers 
[27] discovered antisense a-amylase RNAs in bar- 
ley that cover essentially the full length of both 
type A and B ot-amylase RNAs. These a-amylascs 
are important hydrolases produced during seed 
germination to digest storage contents of the endo- 
sperm for use. by the seedling. The complementary 
RNAs appear to be transcribed from a different 
locus and expression of both sense and anusense 
ot-amylase transcripts are dcvelopmentaily regul- 
ated. 

More recently, in a study attempting to deter- 
mine if upstream sequences of the rice mitochon- 
drial gene were involved in cytoplasmic male 
sterility (CMS), complementary transcripts of the 
atp6 region were found, suggesting that products 
of transcription in the opposite direction may be 
involved in CMS [28). Comparison of the com- 
plementary RNA transcription in a CMS cultivar 
and in an isogeneic cultivar which is fertile in- 
dicated both yielded transcripts which cover the 
region downstream from aip6 t while none of these 
transcripts were noted in the nuclear parent of the 
CMS cultivar. The levels of these transcripts were 
higher in the non-fertile CMS line, and sometimes 
undetectable in the fertile cultivar. It appears that 
&f-U a gene product of a nuclear encoded gene 
which can rescue the CMS character and nullify 
incompatibility between a CMS-cytoplasm and a 
nuclear genome carrying Rf-J, may be responsible 
for the difference in transcript levels since it 
represents the only difference between the two 
lines. The complementary transcripts probably in- 
hibit or reduce the sense transcripts and are more 
than likely regulated by Rf~L 

Analysis of transcription of the Zea mays Bz2 
locus concluded that the same genomic fragment 
was transcribed from both DNA strands [29). A 
negative regulatory function for RNAs transcribed 
io the reverse orientation was not demonstrated 
since very low levels of the transcripts were found 
in tissues with repressed Bz2 activity (low antho- 



cyanin). However, tow levels of complementary 
transcripts could be attributable to pairing with 
the sense transcripts which are then quickly 
degraded. 

Investigations into the maize a-tubulin gene in 
attempts to define the spatial and temporal expres- 
sion of this small family of closely related genes 
(30], noted a complementary transcript Target 
transcripts were abundant in embryonic tissue and 
in dividing root tip cells while the reverse 
transcript was found at low levels. Conversely, 
endogenous transcripts were less prominent in dif- 
ferentiated tissue where higher levels of the com- 
plementary mRNA were present. These results 
suggest that the antisense a-tubulin mRNA is 
developmcntally regulated and could possibly 
function to control the expression of the endogen- 
ous genes in specific tissue. 

At this time, there is insufficient evidence to 
assign a biological function to complementary 
transcripts naturally occurring in plant systems. 
Although natural antisense mechanisms have been 
well documented in prokaryotes to regulate gene 
expression through a variety of ways [31, the role 
of endogenous complementary transcripts in 
eukaryotes has not been conclusively proven. 

4. Application of aotisens* strategies us plant 
systems 

As knowledge of this technology broadens, it is 
apparent that antisense strategics can provide 
powerful insights at every stage of scientific 
endeavor, initially to analyze promoters or tran- 
scription capabilities at the in vitro level and 
subsequently to ascertain tissue specificity and 
effect on whole plant systems at the in vivo level. 
In this section, examples of bow antisense se- 
quences have been utilized in plant systems as a 
method for gene inactivation will be presented 
(summarized in Table I). 

4.1 , Production of mutanis 

Suppression of gene expression may be the only 
feasible method at the moment for the production 
of mutants in some eukary otic systems, particular- 
ly where multigene families or multicopies of genes 
are present (12,31). This mutant phenotype allows 
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Examples of bow anrisense strategics can be applied to plant iystcrns 



Gene 


Source 


Ham nlant 






I. Production of mutants 










NADH-hydroxypyruvate 


Cucumber 


Tobacco 


CaMV35S 


66 


Ru&iscc \ 


Tobacco 


Tobacco 


CaMVJ5S 


46,74 


Patatio 


Potato 


Potato 


C4MV35S 


43 


Nitrate reductase 


Tobacco 


Tobacco 


CiMV35S 


110 


1 Sups in metabolic pathways 










Rubisco 


Si'icotiana 


Tooacco 


CaMV35S 


31.38,46.53,57.74.75,7 


Rubisco activate 


Tobacco 


Tobacco 


CaMV35S 


. 5S,32a 


Carbonic anhydrase 


Tobacco 


Tobacco 


CaMV35S 


72 


Trioje phosphate translocator 


Potato 


Poiato 


CaMV35S 


4 la, 78 


Sucrose transporter 


Potnio 


Potato 


CaMV35S 


77 


PFP 


Potato 


Potato 


CaMV35S 


39 


NodtiUn-35 


Moth bean 


Vi$no 


CaMV35S 


55 


Chalcoae synthase 


Petunia 


Petimiafxobicco 


QMV35S/CHS 


61. 1030,104,105,106 


3. fortifying gene function 








AGPase 


Potato ■ 


Pouio 


CaMV35S 


62 


UGPasc 


Poiato 


Potato 


CaMV35S 


113 


pTOM5 


Tomato 


Tomato 


CaMV35S 


6,10 


PG 


Tomato 


Tomato 


CaiMV35S 


89,96 


pTOMl3 


Tomato 


Tomato 


CaMV35S 


9,41 


Bavonol synthase 


Petunia 


Petunia 


MAC 


45 


Anionic peroxidase 


Tomato 


Tomato 


CaMV35S 


90 


4. Sequence/promoter specificity 










H* ATPaac A 


Carrot 


Carrot 


CaMV35S 


34 


B<onglycima promoter 


Soybean 


Tobacco 


CaMV35S 


12 


BNYW RNA 


BNYW 


C otdnoaf 


CaMV35S 


1 7a 


^ raj gcucs 


Ycast/human 


Nicotian* 'Petunia 


CaMV35S 


52 


5. Crap improvement 










of* 

PG 


Tomato 


Tomato 


CaMV35S 


14,37.87.89,95.96 


ACC synthase 


Tomato 


Tomato 


CaMV35S 


65 


ACC oxidase 


Tomato 


Tomato 


CaMV35S 


3lb.4i 


PME 


Tomato 


Toniito 


CaMV35S 


i03 




Tomato 


Tomato 


CaMV3<S 


70 


PE 


Tomato 


Tomato 


CaMV35S 


40 


EFE 


Tomato 


Tomato 


CaMV35S 


71 


Chatcooe jyntbase 


ChrysJGerbera 


Chryj./Ccrbera 




19,23 


Prosystemio 


Tomato 


Tomato 


CaMV35S 


59,67 




Tobacco 


Nicotians 


CaMV35S 


2.64 


Detatume gene 


Srasslea 


Srassica 


napin/ACP 


50 


S-RNase 


Petunia 


P.infatia 


CaMV35S 


54 


/o/C 


Agro. rhia. 


Tobaoco 


CaMV35S 


88 


6. development 










AKR containing gene 


Arab, 


Arab. 


CaMViSS 


112 


Auxin-regulated genes 


Tobacco 


Tobacco 


CaMV35S 


8 


COS 




Tobacco 


Ch!or. i/b 


13 


7. Transetipl/proiein relationships 










Al>rich sequences 


zetn gene 


Tobacco 


CtMVJSS 


94 


IntTons 


zan gene 


Tobacco/potato 


CaMV35S 


M 


BMV sequences 








62b 


Oxygen-evolving sys. protein? 


Tobacco 


Tobacco 


CaMV35S 


69 


PS II lOlcDagcoc 


Potato 


Pot? to 


GiMV35S 


98 


Rubiceo SS 


N. syhestris 


Tobacco 


OMV35S 


82 


8. \W/ urn 










CSA-AT 


Tobacco 


Tabacco 


CaMV35S 


44 


«/>r// 


Tn5 transposon 


Tobacco 


CaMV35S 


m 
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a. biological function to be determined from a spe- 
cific cDNA sequence (32J. Attaining 100% inhibi- 
tion of any enzyme activity may not be an absolute 
necessity since many null mutations might be le- 
thal to the plant and a partial inhibition will more 
than likely result in a measurable change in the 
system [33). Antisense RNA was used to create 
tobacco mutants deficient in NADH-hydroxy- 
pyruvate reductase to study the role of pbotorespi- 
ration in stress protection by identifying enzymes 
in the pathway [33]. Transformation with an- 
tisense genes also conveniently produces mutants 
for physiological studies, as for example with pho- 
tosynthesis [34,35]. 

Despite being one of the major potato tuber 
proteins and present in all potato species thus far 
analyzed, no physiological role has been assigned 
to patatin. a 40 kDa glycoprotein. Mutants were 
produced by transformation of potato plants with 
the patatin complementary coding sequence which 
reduced the endogenous mRNA to less than 1% of 
controls and the protein by 75 -90% while other 
members of the gene family were not as signifi- 
cantly reduced. No apparent changes in morphol- 
ogy or development of the tuber occurred bringing 
into question the role of patatin as a storage pro- 
tein and sharply diminishing its potential for in- 
volvement in the tuberuation process [36]. 

Aithough the term 'mutant' has been used by 
several researchers who have made alterations to 
genes via antisense methods, ii should be noted 
that these alterations do not constitute a heritable 
change of the target gene sequence obtained 
through genetic means. But, since the antisense 
gene can inhibit closely related genes with a high 
degree of homology, it is assumed that the an- 
tisense trait would be dominant. However, the 
variability of inhibition seen in many studies may 
mean that antisense strategies are not reliable for 
the production of null mutants. 

4.2. To observe steps m metabolic pathways 

Antisense RNA can be a means of partially or 
completely repressing the synthesis of gene prod- 
ucts in attempts to determine the effect on other 
proteins' contributions within the same system. To 
evaluate the auto regulatory function of nitrite 
reductase (NiR) on nitrate assimilation and N- 



metabolite function, an . antisense approach was 
used where a reverse orientated NiR cDNA ex- 
pressed in tobacco plants caused the impairment 
of NiR without modifying the nitrate reductase 
(NR) gene product [12]. A plant, obtained from 
normal growth on ammonium but chlorotic with 
nitrate as the source of nitrogen, accumulated 5- 
fold higher nitrite levels than the wild type. NR 
activity and mRNA were elevated under these con- 
ditions, suggesting that N-metaboHtes derived 
from nitrate reduction caused the inhibition of the 
NR gene independent of NR protein levels. 

Extensive investigations to analyze the impact of 
decreased ribulosc bisphospbate caiboxylate 
(Rubisco) oa photosynthesis in transgenic plants t 
using antisense technology, noted that the protein 
could be reduced to half the wild type average nor- 
mally found in tobacco plants with little effect on 
the rate of photosynthesiSi suggesting excess 
amounts of Rubisco exist in wild type plants [34]. 
Little change in phosphoribulokinase activity, 
electron transport [35J and chlorophyll content 
(35,37] were noted t suggesting no link between 
Rubisco and these other components of photosyn- 
thesis. A notable decline in carbonic anhydrase 
and the rate of CQ 7 assimilation occurred but no 
reduction in stomatal conductance was observed, 
implying stomata] function is independent of 
Rubisco activity in the leaf [35]. When Rubisco 
was reduced below a threshold level, there was a 
concomitant decrease in plant dry weight, along 
wirh a decline in starch accumulation in the (eaves 
and a drop in pbotosynthetic rate in transgenic 
plants [34], These changes forced a more efficient 
use of the remaining photosynthate resulting in an 
increase of specific leaf area and light interception 
[34] and further reflected the interactive effect be- 
tween photosynthesis and carbohydrate metabo- 
lism. Under short term conditions, the contribu- 
tion of Rubisco to the control of photosynthesis 
was increased when ir radiance levels and humidity 
were high and C0 2 was low [37-39]. 

Transgenic plants with reduced Rubisco showed 
an elevation in photosynthesis and an increased 
chlorophyll content [37,38,40] as well as a reduced 
chlorophyll alb ratio when grown under limiting 
nitrogen or low light, indicating that nitrogen is re- 
allocated to other cellular components away from 
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the photosynthetic apparatus [38). Under plentiful 
nitrogen supply, growth reduction correlated with 
an increase in photosynthesis inhibition [41 J. The 
reduction in Rubisco in transgenic tobacco plants 
was more than compensated for by an increase in 
leaf nitrate [42]. A similar decline in growth rate 
was noted in transgenic plants responding to a 
reduced carbon supply due to lower Rubisco levels 
as was observed in plants growing under low am- 
bient C0 2 conditions [42]. Raising ambient C0 2 
levels caused the transgenic plants to achieve 
growth rates comparable to wild type plants, sug- 
gesting that reducing Rubisco could improve 
nitrogen-use efficiency, without affecting photo- 
synthesis and growth, if plants were grown at. 
higher (expected future world) C0 2 levels [42). 

An antisense chloroplast carbonic anhydrase 
gene did not appear to alter net CC 2 fixation, 
Rubisco activity, chlorophyll content, dry weight, 
or stomatal conductance [43], Other studies on 
photosynthetic sensitivity assert that Rubisco ac- 
tivity does not rate limit photosynthesis in water- 
stressed plants, but rather its substrate ribulose 
1,5-bisphosphate (RuBP) [44], The reductions in 
Rubisco noted in the transgenic antisense plants 
Were compensated by an enhancement in the levels 
of the regulatory protein, Rubisco activase [45], 
Changes in Rubisco activity in vivo by carbamyla- 
tion of the active site arc modulated by this chloro- 
plast enzyme. The reduction of activase levels in 
tobacco plants by transformation with an an- 
tisense. gene [45,46) showed that Rubisco mRNA 
and protein levels were unaffected [45) comprising 
no impact on photosynthetic rates under moderate 
or low light intensities, however, both Rubisco 
and activase contributed significantly to impaired 
photosynthesis at higher light intensities [45,46]. 
Rubisco activation states correlate to activase lev- 
els, thus exhibiting a direct effect on photosynthet- 
ic rates. 

In similar experiments, the introduction of the 
antisense chloroplast triose phosphate iransloc- 
ator protein gene into potato plants reduced its ac- 
tivity 20-30% [47) and severely decreased photo- 
synthesis by 40-60% [48] with a noted decline in 
inorganic phosphate levels in the stromal compart- 
ment. A redirection of CO ? assimilates into starch 
was observed as compensation for this reduction 



with no cost to productivity. Expression of the an- b 

tisense sucrose transporter cDNA in potato plants n 

caused a 20-fold higher concentration of soluble 0 

carbohydrates to accumulate and likewise a 5-fold fl 

increase in starch content in leaves with a dramatic n 

reduction in tuber yield, signifying that the sucrose r» 

transporter, located at the phloem plasma mem- It 

brane, is responsible for primary sugar uptake fl 

(49). r 

Potato plants transformed with antisense genes p 

encoding the a- and 0-subunits of pyrophosphate: ft 

fructose-6-phosphatc phosphotransferase (PFP) it 

were able to provide evidence for the role of PFP si 
in recycling triose-pnosphates to hexose-phos- 

phates. A compensation in other phosphates d 

resulted in no: visible alterations in phenotype and u 

ooly minor changes in metabolic fluxes (50J. ti 

Expression of an antisense noduiin-35 cDNA A 

encoding noduJe-specific uncase in Vigna aconiti- A 

folia (mothbean) was detected in transgenic root si 

nodules resulting in lower uncase activity and a n 

reduction in the nodule size. Peroxisome develop- ti 

ment was retarded and nitrogen deficiency syrap- it 

toms appeared in the plants [51), suggesting that ti 
the availability of syrnbioucaJJy reduced nitrogen 

in legumes is limited by a reduction in ureide bio- ci 

synthesis. h 

The fiavonoid biosynthetic pathway is an exam- 
ple where antisense technology has provided the * 
basis for a model system, using flora! pigmenta- 
tion, for the development of studies on the manip- * g< 
ulation of secondary metabolites in plants. fc 
Chalcone synthase (CHS) was the first endogenous * 
gene in plants targeted by antisense RNA (?). It P 
was assumed that since the substrates for the CHS nc 
enzyme are colorless, any reduction in CHS enzy- (* 
malic activity would result in changes in the color & 
of flower petals [52]. This is exactly what did in d 
fact happen, but an even more interesting observa- fr 
tion was the occurrence of variegation in regular c: 
rings or sectored patterns on the petals which was * r 
noted in both heterologous and homologous T 
petunia plants. Analysis of pure white flower tis- rc 
sue showed a complete loss of flavonoids but this 
could be bypassed by feeding the plant narmgenin- * 
chalcone, a product of CHS activity, confirming a< 
that the pathway beyond CHS was still functional 1* 
[?]. Further investigation of this secondary rneta- P 
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bolic pathway (53) showed that steady state 
raRNA levels of chaJcone flavanone isomerase 
(CHI) and dihydroflavonol (DFR), two other 
flavoaoid specific genes, were not affected by the 
reduction of CHS. Where the CHS mRNA was 
reduced in inner corolla tissues, CHI and DFR 
levels remained the same. However, the CHI speci- 
fic activity was i 0-fold lower in white corolla tis- 
sues but remained unchanged in plants containing 
pale pigmented corolla tissue when compared to 
fully pigmented tissue, meaning that only a minute 
level of CHS transcript or enzyme is required for 
stability of the CHI protein. 

ADP-glucose pyrophosphoryiase (AGPase) was 
determined to play a role in starch biosynthesis 
when transgenic potato plants expressing an an- 
tisense gene containing the coding region of a 
AGPase subunit abolished starch formation (54). 
An accompanying sharp increase in RNA levels of 
sucrose phosphate synthase and a reduction in 
major storage protein species added to the idea 
that storage protein genes and carbohydrate for- 
mation are linked in storage organs. Alternately, 
transgenic potato plants, expressing an antisense 
UGPase which repressed activity to 4% showed no 
changes in growth and development or in carbo- 
hydrate metabolism (55). 

43. Identifying gene function 

The ability to regulate the expression of specific 
genes in plants can be regarded as an excellent tool 
for assigning gene function which couJd have enor- 
mous commercial applications. The role of 
pTOM5, a ripening related gene isolated from to- 
mato, was established in carotenoid biosynthesis 
[56] by expressing its antisense sequence in trans- 
genic plants where a reduction in pTOMS mRNA 
during tomato ripening correlated with yellow 
fruit color, pale flowers and a 97% decrease in 
carotenoids. The pTOMS gene product was not 
implicated in carotenoid synthesis in the leaf [5?]. 
The use of antisense RNA to inhibit polygalactu- 
ronase (PG) gene expression in npening tomato 
fruit, where it is usually found in abundance, in- 
dicated that its activity is not correlated to the 
accumulation of the red pigment lycopene [25,58]. 
In studies of genes related to ethylene biosynthesis, 
PTOM13 was isolated from a cDNA library from 



clones expressed during tomato fruit ripening and 
in response to wounding. Subsequently, it was 
determined that this gene was also expressed in 
senescing leaves. To ascertain the function of the 
protein, antisense pTOM13 was used to transform 
tomato plants. Results showed that ethylene syn- 
thesis was strongly inhibited, suggesting the pro- 
tein is involved in ethylene biosynthesis and may 
be pan of the ACC-bxidase system involved in 
conversion of ACC (l-amino-cyclopropane-1- 
carboxylic acid) to ethylene [59,60). 

Flower color is predominantly due to flavonoid, 
carotenoid and betalain pigments. Anthocyanins 
are a class of flavonoids which provide the greatest 
range of colors, but co-pigmetued antbocyanins, 
with such compounds as flayones and flavonols, 
also produce effects on flower color. An antisense 
cDNA clone of flavonol synthase (FLS) trans- 
formed into petunia caused a marked decline of 
flavonol synthesis in flower petals and a reddening 
effect due to reduced co-pigmentation providing a 
means by which to further examine the many func- 
tions of flavonols in plants [61 J. 

Using an antisense approach to inhibit anionic 
peroxidase determined that the accumulation of 
normally induced transcripts was prevented when 
the plant was subjected to wounding* exposure to 
ABA or fungal pathogens (62], but the level of 
suberin deposited in the wound-peridenn was 
unaffected, indicating that the expression, of this 
anionic peroxidase gene may not be essential for 
suberization. 

4.4. Determining sequence or promoter specificity 
The elucidation of specific DNA sequences in 
gene expression or tissue specific expression has 
aJso employed antisense methods. Constructs of 
the coding and 5' non-coding region of the carrot 
vacuolar H* ATPase A subunit cDNA were ex- 
pressed in carrot root tissue cells in the opposite 
orientation. Similar levels of inactivation were 
found in the bafilomycin-sensitive ATPase, ATP- 
dependent H^pumping and ATP-drivea l4 C-0- 
methyl-ghicosc uptake activities in the tonoplast, 
but not in the Golgi, fractions. These ATPasc- 
deficisnt lines, where cell expansion in young 
leaves and taproots was inhibited, are the first 
direct indications that the tonoplast H* ATPase 
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drives the osmotic uptake of water into the central 
vacuole to facilitate cell expansion {63). 

A complementary sequence of the ff-glucuron- 
idase (GUS) gene was fused to a promoter from a 
0*conglycinin gene which is expressed only in 
seeds [64) and used to transform tobacco plants al- 
ready expressing GUS. The seed-specific repres- 
sion of the GUS gene noted in this study serves as 
a model for possible modifications in tissue speci- 
fic protein accumulation. 

To determine if plants can be infected by 
subgenomic viral RNA transcripts, sense and. an- 
tisense directed cDNA clones of the beet necrotic 
yellow vein virus were constructed and transferred 
to propagation hosts. Results show only the sense 
constructs to be biologically active [65], signifying 
that expression of the sequence is necessary for 
viral function. 

An tisense constructs of the ras genes isolated 
from yeast and mammalian cells were introduced 
into plant cells to study their inhibitory effect on 
cell growth and development (66). Using this ap- 
proach* it was determined that the ras sequence 
itself, rather than the protein or roRNA, is directly 
involved with the negative effect. 

4 5. Crop improvement 

The down regulation of polygalacturonase 
(PG), a key enzyme in tomato fruit ripening, prob- 
ably represents the first major contribution of an- 
lisense technology to the agriculture industry in 
this country. PG antisense RNA expressed in 
transgenic tomato plants was shown to cause a 
reduction in PG enzyme activity as well as PG 
mRNA during fruit ripening [25J. It was also 
determined that RNA from the antisense PG gene 
was transcribed at a higher rate than the endogen- 
ous PG gene RNA (58], PG expression had been 
implicated in fruit softening where increased levels 
of PG have been shown to correlate with fruit 
maturation [67). Isolation of the cDNA of PG 
allowed for the production of antisense mutants to 
study its expression during ripening and gain a 
better understanding of its function in fruit soften- 
ing [68]. Climacteric fruits, such as tomatoes, are 
harvested at the breaker stage [69] and arc later in- 
duced to ripen with exogenous applications of 
ethylene. Endogenous ethylene increases auto- 
cataiytically with the onset of induction [70]. An- 



tisense RNAs to the cDNA of rate-limiting en- sp 

zymes reduced ethylene synthesis and confirmed pa 

the role of ACC synthase (1 -aminocyclopropane- R; 

I-carboxylate synthase) [70), and led to the isota- pi 

tion of ACC-oxidase [60), both involved in the hi 

biosynthetic pathway of ethylene. Since earlier at- tei 

tempts to isolate ACC-oxidase activity had been wt 

unsuccessful [71], these results clearly signify the he 

strength of antisense strategies. vc 

Further analysis of these antisense PG mutants si$ 

found PG to be involved in pectin degradation tis 

(72), while other studies showed that plants ex- H 
pressing antisense PG failed to soiubilue pectin 

[73J and had elevated levels of arabinose and ga- pr 

lactose. Similar strategies were used to ascertain fu 

that the pectin methyiesterase gene is also involved (G 

in pectin metabolism but not coupled with the th< 

ripening process (74). The £8 protein, related to bl* 

ACC oxidase, was studied using antisense RNA gh 

inhibkion and shown to specifically increase ethyl- du 

enc synthesis during ripening of detached fruit tfo 

[75]. More recently, antisense RNAs directed su. 

against pectin esterase (PE), a ceil wall metaboltz- ne* 

ing enzyme, indicated that PE, although not in- de 

volved in tomato fruit development and ripening, co 

plays a role in pectin de-esteriflcation with differ- lea 

ential isozymes expressed in various tissues (76). up 

When the ethylene-forming enzyme (EFE) was pa 

targeted by antisense RNAs in the tomato fruit it rm 

was determined that fruit ripening aspects were an 

retarded in these transgenic plants and these ef- en; 
fects became more pronounced when fruit were 

detached from the plant, indicating that the role of wa 

ethylene is probably more complex than previous- ac; 

ly thought and might involve a plant associated ke* 

factor [77], The use of antisense strategies to to 

elucidate tomato fruit ripening [7S] has had a sic 

dramatic effect on antisense as well as tomato ati 

physiology research. ma 

The advantages of antisense applications were ) . 

also shown recently in the floral industry when a of 

variety of flower patterns was achieved in Otrbera brt 

hybrida [79J and a white-flowering variety in Den- tis< 

dranthema grandiflora (florist's chrysanthemum) iza 

[80] after antisense chalcone synthase gene expres- P« 

sion, sparked by the extensive investigations (8c 

originally carried out in petunia (7,10,52]. the 

Gene suppression by antisense RNA expression mu 

was shown to be useful in determining the cole of pla 
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specific gene(s) involved in the signal transduction 
pathway of plant defense reactions. Clarence 
Ryan's group transformed tomato plants with a. 
prosystemin antisense cDNA, causing complete in- 
hibition of the systemic wound induction of pro- 
teinase inhibitors [81] in these transgenic plants as 
well as an increase in susceptibility to tobacco 
hornworm [82] demonstrating not only the in- 
volvement of the prosystem gene product in the 
signal transduction pathway but also, that an- 
tisense technology can be used toward pest man- 
agement. 

Antisense transformation in Nicotiona sylvestris 
proved invaluable in identifying the physiological 
function of vacuolar class I 0-1,3-glucanase gene 
(GLA). Transgenic plants expressing a portion of 
the coding region of GLA from tobacco effectively 
blocked specific expression of basic 0-1,3- 
glucaaase levels, both constitutively and upon in- 
duction m response to ethylene or infection with 
the fungal leaf pathogen Cercospora nicotianae, 
suggesting that expression of the isoform is not 
necessary for normal functions nor important in 
defense mechanisms |83J. Later findings show 
compensatory genes, not normally found in the 
leaves of tobacco and N. sylvestris, were induced 
upon virus infection either through an alternate 
pathway, alternate sphcing or posttranscriptionaJ 
modifications of known forms of /3-1,3-glucanases. 
and strongly argues a role for involvement of 
enzyme activity in pathogenesis [84]. 

The potential to engineer seed oil compositions 
was shown when a seed-specific antisense stearoyl- 
acyl carrier protein desaturase gene, which plays a 
key role in determining the ratio of total saturated 
to unsaturated fatty zcids, was expressed in Bras- 
ska rapa and B, napus (rapeseed), causing dram- 
atic increases in stearate levels in the oil of the 
mature seed [85). 

Flowering plants have evolved the-mechanism 
of gametophytic self-incompatibility to prevent in- 
breeding as well as promote outcrossing An an- 
tisense approach was utilized to regain self-fertil- 
ization in Petunia in/Jar a by inhibiting an 5 allele 
protein of the pistil known to be a ribonudease 
[86]. The transgenic plants failed to reject pollen of 
the same genotype. Likewise, nuclear male sterile 
mutants are common among many species of 
plants. Genetic male sterility can be brought about 



by genetic engineering where expression or repres- 
sion of a gene involves pheaotypic alterations in 
floral or reproductive tissues such as the destruc- 
tion of tapetal cell layers, depletion of the 
flavonoid pigments, and expression of the roIC 
gene of the T-DNA of Agrobacterivm rhizogenes, 
which are dominantly inherited [37], Dominant 
male sterility is advantageous in hybrid seed 
production, but it is necessary to reverse this trait 
in the hybrids where the fruit is the product of 
harvest. Successful restoration of ro/C-induced 
male sterility was achieved by expressing an an- 
tisense roIC gene in tobacco plants, thus creating 
a means of inducing and reversing male sterility in 
plants. 

4.6. Unraveling plant development 

The use of antisense sequences to manipulate 
the expression of endogenous plant genes seems 
promising for studies of plant development. 
Overexposing antisense RNA of the Arabidopsis 
ankyrin-repeat (AKR) containing gene (more than 
one copy) caused a chlorotic phenotype resulting 
from reduced chlorophyll, carotenoid and internal 
membrane development in the chloroplasts, in- 
dicating an involvement of the AKR gene in the 
regulatory process of chioroplast differentiation 

mi 

Four auxin-regulated genes were studied during 
the growth cycle of a tobacco synchronized cell 
culture [89] by using an antisense construct to sup- 
press one of the mRNAs. Since no effect on auxin- 
induced cell division was noted there remains no 
conclusive evidence of a role for these genes in cell 
division, although this had been previously sug- 
gested since they are transiently induced in an 
auxin-dependent manner during the transition 
from the quiescent phase to the synthesis phase of 
the cell cycle. 

The potential of organ-specific modulation of a 
gene using antisense constructs was confirmed 
when leaf-specific inhibition of GUS gene expres- 
sion was noted in transgenic tobacco plants ex- 
pressing a 41 -base homologous region spanning 
the translation start site of the GUS gene fused, in 
the reverse orientation, to the chlorophyll alb pro- 
moter of Arabidopsis [90]. 

4. 7. To ascertain transcript/protein relationships 
Antisense strategies can be used to identify the 
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role of RN A sequences as well as the relationship 
between transcript and protein levels. The involve- 
ment of AU-rich sequences in plant intron splicing 
[91J and pre-mRNA splicing and intron removal 
from precursor mRNAs [92] was determined by 
expressing antisense clones of those regions in 
tobacco protoplasts and transgenic potato. To test 
whether local complementarity between viral 
RNA molecules can promote recombination in 
brome mosaic virus, antisense sequences were used 
to direct crossovers at or near the site of hybridiza- 
tion {93), When steady-state levels of mRNAs for 
the polypeptides of the oxygcn-evolviag system, as 
well as the Rieske iron/sulfur protein, were sup- 
pressed in tobacco via overexpression of homo- 
logous antisense cDNAs, little effect on the cor- 
responding thylakoid membrane protein levels was 
noted (94], In addition, normal plant development 
progressed without a detectable enhancement of 
oxygen evolution, suggesting that these proteins 
are regulated posttranscriptionaUy. 

Antisense RNA was able to efficiently inhibit 
the formation of the 10 kDa polypeptide of 
photosystem (PS) II in transgenic potato plants 
but had no effect on other PS II associated 
polypeptides, implying that transcripts are the 
rate-limiting step for the specific protein ac- 
cumulation but not for the overall compJex func- 
tion (95]. Coordination of biosynthetic activities 
between nuclear and organelle gene expression of 
ribuiose bisphosphate carbojcylate (Rubisco) was 
examined by expressing antisense DNA sequences 
of the small subunii (SS) encoded in the nucleus 
[96]. Transgenic tobacco plants with suppressed 
rbsS mRNA and SS protein levels had no effect on 
the large subunit (rbsL) mRNA but caused a 
reduction in LS protein encoded on the chloro- 
plast chromosome, providing evidence that the 
rbsS transcripts are the rate-limiting component of 
the mukimeric protein complexes, 

48. Novel uses of antisense gene expression 

Hofgen et al. {97] have proposed using an an- 
tisense glutarnate- 1 -semia Idehyde aminotrans- 
ferase gene, which decreases chlorophyll synthesis 
and causes a wide variety of chlorophyll variega- 
tion patterns, as a phenotypic assay for studies on 
the enzymes', role in the chlorophyll pathway. 
Antisense RNA methods fit into the conditions 



needed to provide a positive-negative selection sys- 
tem for gene targeting in plants [98]. In a model 
system, the nptU gene in the sense orientation was 
placed within the genomic flanking sequences and 
its antisense was positioned outside the homo- 
logous region. Upon transformation, if random or 
non-homologous integration occurs, the plants 
become sensitive to kanamycin since the antisense 
gene is incorporated into the genome. If the sense 
gene is directed by the homologous sequences to 
be incorporated in the genome, the plant will be re- 
sistant to kanamycin and thus a single selection 
would yield a homologous recombination. Link- 
age of the anti-npr// gene co other gene sequences 
would provide a negative selectable marker in 
higher plants. 

Incorporating a catalytic domain of ham- 
merhead RNAs into DNA that encodes a target 
RNA would extend the utility of antisense 
technologies. A construct of the target cDNA is 
modified to contain a catalytic motif whose se- 
quences are also part of a restriction recognition 
site found in the cDNA. In this manner all other 
sequences which flank trie ribozyme are com- 
plementary to the cDNA. Transcription of the ini- 
tial cDNA construct and the modified in opposing 
directions generates substrate (target) and an- 
tisense (ribozyme) RNAs, The RNA transcripts 
containing the catalytic ribozyme domain will 
cleave the corresponding complementary target 
transcript Depending on the cloning, sense or an- 
tisense RNAs could be transcribed which contain 
the ribozyme. This could be of particular value 
against plant RNA viruses [99]. 

Numerous genes, whose products have impor- 
tant roles in plant growth and development and 
whose modifications would lead to insights into 
these processes or to improvement in the economic 
value of plants, are functionary redundant and 
hence difficult to manipulate genetically. An- 
tisense strategies could provide a powerful means 
to circumvent these problems, eventually becom- 
ing invaluable as a tool for plant genetics. 

5. Attenuation of plant viruses 

A novel approach for enhancing resistance to 
plant viruses utilizes the expression of antisense 
RNAs directed against essential viral genes. It was 
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suggested that antisense RNA could function to 
inhibit virus replication since the genomes of plus 
strand RNA viruses have structural similarities to 
cellular mRNA and function as such during viral 
replication [100), Since hybridization of an- 
tisense/viral RNA would occur over a relatively 
long stretch of nucleotides, the possibility of muta- 
tions in the viral populations is much reduced. The 
practice of cross-protection has been used with 
limited success for many years in traditional plant 
breeding programs to reduce crop losses to viral 
pathogens. This strategy was employed in trans- 
genic plants with the expression of viral coat- 
proteins to provide an alternative version of cross 
protection [101,102]. Antisense technologies have 
been incorporated into the coat-protein theories of 
viral control but wiih little success [100,102-106]. 
Tobacco plants expressing the antisense RNA of 
the potato virus X coat protein [106] and the 
cucumber mosaic virus coat protein [102] only 
gave protection at very low inoculum concentra- 
tions. In other studies, protection was generally 
observed in the form of delayed resistance [103]. It 
may be that most RNA viruses replicate in the 
cytoplasm which may not be the site of amisense 
RNA function. In similar eflforts, expression of 
satellite RNAs from plant viruses has caused some 
reductions in symptoms from saicllite-free viruses 
{107,1081. 

An instance where an antisense construct 
directed against the coat protein gene was equally 
effective at mediating resistance as the sense con- 
struct was shown with potato leafroll virus 
(PLVR) in transformed Russet Burbank potato 
plants [109]. The effectiveness of this resistance 
was attributed to the fact that PLVR is confined to 
the phloem of the host plant (where the CaMV 35S 
promoter is known to be very active) where it ac- 
cumulates slowly and generally maintains lower 
titers than other plant viruses. This should prove 
beneficial at the commercial level to aiTect reduc- 
tion of PLVR in the field, since transmission of the 
virus by aphids within one Held and between fields 
is considerably reduced when PLVR titers are low. 
Protection in the transgenic potato plants express- 
ing the sense PLVR coat protein sequence was 
noted at comparable levels of expression of an- 
tisense PLVR RNA suggesting a similar mode of 
action and hinting that both positive and negative 



Transcripts may be interacting witr^ the opposite 
sense RNA strand of the virus [109]. 

A IS to 30-fold decrease in systemic accumula- 
tion of tobacco mosaic virus (TM V) was noted in 
tobacco plants transformed with an antisense 
RNA construct directed at the 5' untranslated 
leader segment of TMV, while the production of 
viral RNA was" inhibited by as much as 25 to 50- 
fold [1 10]. Gonsalves and co-workers (111) trans- 
formed tobacco plants with sense and antisense 
untranslatable nucleocapsrd protein (N) gene 
coding regions generated through primer-directed 
mutagenesis using RT-PCR of the lettuce isolate 
of tomato spotted wilt vims (TSWV), Both con- 
structs provided protection against TSWV 
homologs and closely related isolates but not 
against more distant Tcpovirvses. Interestingly, 
greater protection was observed in transgenics that 
synthesized low levels of the N gene transcript 
(sense or antisense) which were shown to inhibit 
viral replication. The sense N gene RNAs provid- 
ed greater protection than the antisense RNAs 
which is likely due to the sense RNA hybridizing 
to the positive strand genomic RNA before viral, 
gene replication begins, while the antisense RNA 
can only hybridize to its complementary strand 
(the negative strand), which is replicated from the 
viral genomic RNA only after replication has been 
initiated. The S RNA segment of the TSWV 
genome has an ambisensc gene orientation. Us\n% 
protoplasts it was possible to demonstrate that 
cells expressing the antisense constructs did in fact 
support low levels of viral replication, delineating 
a cause for loss of protection at high inocujum 
concentrations. Similarly, transgenic tobacco 
plants expressing antisense sequences of the 
tobacco etch virus potyvirus (TEV) coat protein 
gene showed attenuated disease symptoms when 
compared to plants expressing untranslatable 
sense transcripts which did not develop symptoms, 
independent of inoculum levels or plant size. The 
resistance effect was shown to be mediated by an 
RNA molecule and due to decreased levels of virus 
replication [112]. 

Resistance to tomato golden mosaic vims 
(TGMV) in greater than 90% of the transgenics 
from a tobacco plant line was achieved by design- 
ing a genetic cassette containing antisense of DNA 
sequences required for TGMV DNA replication 
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fused to tbe hygromycin resistance gene. This fu- capability of the promoter, and the specificity of t 

sion allowed easier selection of transgenics carry- the antisense sequence for its target RNA. This D 

log the antisense gene. TGMV, a single stranded taken into account, it has been demonstrated that 

DNA vims, is known to replicate in the nucleus a correlation between the level of pheoorypic in- « 

where the opportunity for duplex formation or in- hibition and the antisense transcript accumulation c 

teraction with the antisense RNA may be greater or antisense gene copy number does not always s 

[113], Using this same DNA sequence, knowa as exist, t 

the. ALl gene, which is conserved in other r 

geminiviruses, the authors were able to test its 6,1 Antisense promoters ti 

capability to provide cross protection type resis- In vitro studies have alluded to the fact that a * 

tance to two other geminiviruses [1 14). When the high ratio of antisense to sense RNA is necessary c 

transformed piants were challenged with beet curly to attain effective suppression of the target gene * 

top v^s (BCTV) a 4-foid reduction in viral DNA (6], therefore most studies with foreign gene ex- * 

accumulation was noted compared to no reduction pressjon in plants utilize a stronger promoter for d 

when infected with African cassava mosaic virus the anusense transcript than that for the target P 

{ACMV). Both have similar regions of homology gene [5/7,117,1181. Studies in the field have widely 

with TGMV DNA, but BCTV contains a 280 nu- exploited the CauJiflowcr mosaic virus (CaMV) s < 

cleotide. stretch of 60% homology, suggesting that 35S RNA promoter with foreign genes such as V; 

complementation over a critical region is necessary nopaiine synthase (nos) [5] t chloramphenicol P 

to provide the antisense effect. When the BL1 gene acetyltransferase (CAT) [6], bialaphos (bar) (119) ff 

from TGMV, thought to be involved in vims and £-glucorindase (GUS) [120,121] as well as tc 

movement, was used in the sense and antisense ori- with endogenous antisense gene sequences of £- si 

entation to replace the ACMV coat protein coding 1,3-gIucanase [83,84], the tomato polygaiacturo- ™ 

sequences and co-inoculated with ACMB DNA B, nase (PG) gene £25,58)", auxin-regulated geaes nt 

systemic spread of ACMV in Nicciiana bentha- from tobacco ($9). the ethylene forming enzyme tY 

miona transformed plants was inhibited by the from tomato [59], tomato pectin esterase gene m 

sense but not the antisense constructs [1J5J. The [76], the intronless coding region of a mai2e zein 

important findings established here are that the storage protein gene [92], chaJcone synthase genes ta 

potential for developing multifunctional antisense [7,53,79,80,122], and the cucumber mosaic virus w 

cassettes for viral control does exist. coat protein gene [102] just to name a few. Other le 

Huntley and Hall [1 16] in their studies on brome promoters such as those from the chlorophyll cub ^ 

mosaic virus replication in barley protoplasts binding protein gene [90.1 13], the nos gene [6,1 1 1J P 1 

showed that targeting of the viral minus strand the CaMV I9S [M7], the potato, granule-bound m 

promoters with sense and antisense transcripts starch synthase gene [123], the carrot phenyJaia- 

reduced progeny viral RNAs, in some cases, by nine ammonia -lyase (PAL) gene [6J, the petunia * 

more than 90%. chalcone synthase promoter [52,122] and the pro- * 

The results obtained thus far in suppressing moter from the soybean £-conglycin in storage pro- l(i 

viral functions in plants are very promising and tern gene [64] have also been used. U{ 

suggest that antisense techniques will be useful in Expression of CHS antisense resulted in an al- ai 

developing alternative methods for resistance to tered flower development pattern in tobacco and st5 

plant viruses. petunia piants [7], The phenotypes exhibited cor- of 

related with a reduced CHS mRNA level in the 

6. Attaining the antisense effect flowers and variation in spatial distribution of the u 

antisense gene expression in the same and different tl( 

Levels of antisense suppression can vary widely ilowcrs [124]. In evaluating the efficiency of these u 

wjthin a population of transgenic plants and have CHS antisense genes, it was determined that tbe ^ 

been attributed to aspects which include position antisense CHS genes driven by either the CaMV dc 

effect, rearrangement of the target gene, dupli- 35S RNA or ±e endogenous CHS promoter were tiS 

cated copies, of the antisense sequences, the probably not expressing high enough levels of pl 
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transcripts to provide an excess to target the CHS 
mRNA [122,125]. 

Identical promoters and terminators were 
employed with a simple inversion of the GUS gene 
coding sequence to yield sense and antisense con- 
structs. To eliminate any differential development 
tal and tissue-specific expression from the use of 
two promoters, only the CaMV 35S RNA promo- 
ter was utilized. In the transformed tobacco plants 
examined, which were shown to contain 1-5 
copies of the antisense gene, suppression of GUS 
was consistently greater than 90% relative to the 
wild type activity, establishing that a target gene 
driven by a strong promoter can be almost com- 
pletely suppressed [121 J. 

Several plasmids were constructed with the 
sense and antisense of the CAT gene linked to 
various promoters: nos, CaMV 35S RNA and the 
phenylalanine ammonia-iyase (PAL) gene pro- 
moters, and utilized to transform carrot pro- 
toplasts \6]. The nos and CaMV promoters gave 
similar levels of inhibition, but when the PAL pro- 
moter was used, & reduction in inhibition was 
noted meaning that (at least with the CAT gene) 
the level of antisense effect correlates to the pro- 
moter strength. 

Transgenic tobacco plants were found to con- 
tain rbcS antisense transcripts in root tissues, 
which do not synthesize the small subunit SS, at 
levels comparable to those in leaves, proposing 
that inhibition of Rubisco, an extremely abundant 
protein, does not require an excess of antisense 
mRNA [31]. 

It would be invaluable to offer a degree of flex- 
ibility in gene regulation via antisense strategies. 
Some investigators have proposed the use of heat 
inducible promoters to reverse the repressive effect 
upon induction at elevated temperatures [126) or 
alternately express the sense or antisense con- 
structs upon induction [127]. Recently, expression 
of an antisense CHS gene in anthers was possible 
with a modified CaMV 35S RNA promoter con- 
taining inserted anther box sequences. An inhibi- 
tion of pigment synthesis in anthers resulted and 
subsequently led to male sterility, implicating that 
flavonoids may play a role in male gamete phyte 
development [128], but also illustrating thai an- 
tisense specific cell-type expression can be accom- 
plished in plants. 



To date, most reports of foreign and endogen- 
ous gene regulation in plants have made use of 
RNA polymerase II promoters [60,82,117], par- 
ticularly the strong CaMV 35S RNA promoter 
[6,7,56,89,90,102,104,105,118-120], to generate 
antisense RNAs. The inability to express sufficient 
levels of antisense RNAs in the cell has often led 
to incomplete and ineffective gene regulation 
[122,125} and this has been particularly true with 
attempts to control viral infections in plants 
[102,105]. 

The use of polymerase III promoters provides 
an alternative approach for producing high levels 
of antisense transcripts [129]. The transcripts pro- 
duced by RNA polymerase HI are neither capped 
nor polyadenylated and since the genes themselves 
are. very small, in general, the products are 
substantially shorter than those transcribed by 
RNA polymerase II. These smaller transcripts may 
imp3rt an advantage both in accessibility and in 
hybridization to target sequences [129]. The high 
degree of sequence conservation of polymerase ,111 
promoters and their known activity in all cell types 
provides another advantage for their use [23]. A 
tRNA structure attached to the end of the an- 
tisense sequence may also aid in stability and affect 
cellular localization [130] which should, in turn, 
influence its effectiveness as a suppressor of gene 
function. 

Bourque and Folk (129J reported that fusing a 
tRNA methionine gene from soybean to CAT se- 
quences effectively inhibited CAT activity in car- 
rot protoplasts five fold more than the CaMV 35S 
RNA promoter. These results established that an- 
tisense sequences transcribed by RNA polymerase 
III efficiently suppressed gene expression in plant 
cells. This is supported by more recent results in 
transgenic tobacco plants (unpublished data). In- 
vestigations into tRNA genes isolated from 
Atabidopsis and soybean are being evaluated for 
their ability to transcribe sequences involved in 
endogenous gene suppression and for the control 
of viral infection in plants (unpublished data). 

6 J. Heterologous vs. homologous duplex formation 
The degree of homology and, perhaps more im- 
portantly, the specific region of homology between 
the target and antisense RNA may be a determin- 
ing factor in how these two transcripts associate in 
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the cell and possibly dictate the mechanism by 
which the regulation is affected [33]. Assuming 
that an RNA double helix is thenuodynamicaily 
stabilized by the presence of terminal unpaired 
bases (131] then it is probable that heterologous 
duplexes would be more stable by sustaining a 
reduced rate of rnRNA degradation compared to 
a homologous duplex [33], Transgenic potato 
• plants expressing the waxy gene, which encodes a 
granule-bound starch synthase isolated from 
cassava, were able to suppress the synthase and 
showed reduced araylose content as well, confirm- 
ing that heterologous genes can be used to achieve 
antisense effects (123). When intron sequences are 
included in the construct in a homologous system 
(132), the antisense effect were still accomplished, 
A heterologous antisense cucumber NADH- 
hydroxypyruvate reductase RNA used to mod- 
ulate activity of its corresponding enzyme in 
tobacco was not able to generate a reduction 
below 50% of the endogenous protein levels, 
possibly owing to the heterogeneity of the RNA 
interaction (33). These results hint at translational 
interference from the duplex molecule since the an- 
tisense RNA clearly showed no effect on sense 
RNA levels. Likewise, a glutamine synthase an- 
tisense RNA in tobacco failed to affect the steady- 
state level of the native target rnRNA (133J. If it is 
believed that an RNA/RNA duplex can have a 
negative efTect on translation efficiency, then it 
would be reasonable to expect that any association 
of the endogenous RNA with the ribosomes would 
likewise be diminished resulting in a destabiliza* 
lion of the target RNA (33]. 

6.3. Gene dosage, position effect and met hy fat ion 
In transformation experiments, insertion of the 
transgene into a particular site is a random event 
thought to affect subsequent expression which 
ultimately results in a high degree of variability in 
inhibition levels seen in a population transformed 
with an antisense gene. Introducing more than one 
copy of a complementary gene docs not necessarily 
result in increased expression of the antisense gene 
and down regulation of the target gene. 

Variation associated with the site of insertion 
but not copy number was used to explain the range 
of 50-95°/o down regulation of polygalacturonase 



(PG) enzyme activity (72) since it was shown that 
the antisense DNA was present as a single copy 
per diploid genome. The progeny from selfed 
plants containing the antisense in two copies ex- 
hibited a further decrease in PG expression, to a 
level of 99% reduction of the wild-type PG, un- 
questionably pointing to the effect of gene dosage 
in the homozygous compared to the heterozygous 
plants. In another study, a greater antisense effect 
was also associated with copy number duplication 
in the progeny implying the presence of a 
homologous antisense PG gene in tomato (68]. 
Hall et al. [76] did not note an enhanced reduction 
in pectin esterase (PE) activity in tomatoes 
homozygous for the antisense PE gene as was seen 
in other studies on PG activity [25] and ethylene 
synthesis [60]. 

The progeny analysis of tomato plants express- 
ing a PME anusense gene showed a decreased 
endogenous en2yme activity, but the homozygous 
progeny had levels of PME activity similar to that 
noted in the heterozygous plants even though the 
steady state level of the antisense RNA in 
homozygous plants was higher than that in the 
heterozygous plants [74]. This undoubtedly shows 
that no further reduction of the enzyme activity 
was attained with an increase in antisense rnRNA 
levels. As expected, the selfed plants that 
segregated out the antisense gene had increased 
PME activity. 

Expression of an antisense gene of maize 
granule-bound starch synthase (GBSS) resulted in 
a 20-90% inhibition of potato GBSS activity in 
tubers while the GBSS sequences, isolated from 
potato and expressed as antisense RNA, in that 
same system caused an 80-100% suppression. The 
copy number efTect could only be noted with the 
heterologous constructs. In both of these experi- 
ments the GBSS protein accumulation correlated 
with the enzyme activity level (134,135). 

In a similar study, potato piants transformed 
with GBSS in the antisense orientation showed a 
range of suppression from complete inhibition to 
no detectable effect although it had been shown 
that each plant tested contained from 1 to 5 inserts 
[123J. A 10 kDa polypeptide of photosystem II 
was efficiently suppressed in transgenic potato 
plants by an antisense construct. While the steady 
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state level of the antisense raRNA was approx- 
imately 1% of the wild type level there was no 
mutual relation between the level of antisense 
mRNA and the level of reduction in the sense 
transcript [95]. 

In studies using antisense RNA to target the 
tobacco thylakoid membrane protein it was noted 
that sense mRNA levels were modified by the 
presence of the antisense RNA but little influence 
was observed on the level of corresponding protein 
[94]. While genetic analysis showed no link be- 
tween phenotype and chromosomal position of the 
CHS antisense gene in transgenic petunia plants, 
position effect relative to the target gene was not 
ruled out [53 J. However, there was some associa- 
tion observed between antisense gene dosage and 
Rubisca. levels in transgenic tobacco plants 
[41,44]. 

Transgenic petunia plants exhibited no correla- 
tion between the number of antisense chalcone 
synthase (CHS) gene copies inserted and the 
steady-state level of antisense RNA [7J, confirm- 
ing the observation that gene expression is in- 
fluenced by relative positions of the sense and 
antisense genes. Furthermore, several transfonn- 
ants exhibiting the same level of antisense RNA 
gave a wide array of changes in flower pigmenta- 
tion, implicating that sequences adjacent to the 3ite 
of insertion have a quantitative and qualitative in- 
fluence on antisense gene expression. Surprisingly, 
some transgenics with very low antisense RNA 
levels were able to produce very extreme pheno- 
typic effects [7]. 

Some differences in gene expression within a 
transformed population have been correlated to 
differential mctbylation. However, van der Krol et 
al. (53J found no cytosine roethylation at a sensi- 
tive site in the CaMV 35S RNA promoter used to 
transcribe the anusense CHS gene. 

7. Target sequences 

Each biological system appears to respond dif- 
ferently to antisense strategies. It has generally 
been accepted in prokaryotic and animal systems 
that antisense RNA directed at the 5' .region of a 
gene was most effective in suppressing gene expres- 
sion, but there is no general agreement in the liter- 



ature as to what regions or lengths of subgenomic 
fragments serve as the optimal antisense se- 
quences. Some reports have shown antisense RNA 
directed against the 5' leader and the 3' trailer of 
mRNAs to be particularly effective [136,1371, 
while others report that antisense oligonucleotides 
complementary to splice junctions inhibit tran- 
script accumulation [138]. Several groups [117, 
118,120,125] have experimented with expressing 
various regions of the target genes as antisense se- 
quences in plant systems, but again no consensus 
has been established. 

A relative comparison of. the effectiveness of 
chalcone synthase (CHS) subgenomic fragments in 
petunia illustrated that RNA complementary to 
the 3 ' portion of the CHS gene was more effective 
at affecting flower pigmentation than that cloned 
from the 5' portion of the gene [52,122], probably 
due to a lower intrinsic stability of this RNA. Fur- 
ther evaluation of the V segment divided into two 
smaller fragments resulted in a visible effect on 
flower pigmentation only from the shorter 5' most 
region, giving evidence ihat sequence length of the 
antisense RNA may contribute to the effectiveness 
of the inhibitory effect [122]. No specific sequence 
could be identified that appeared to be associated 
with the repressed state. 

Utilizing the nopaline synthase (not) coding 
region, antisense plasmids containing a full length, 
a 5' segment, three internal segments and about 
one-half of the 3' region were constructed and 
linked to the promoter of a petunia chlorophyll 
a/6-binding protein gene [118]. The sequences 
from the 3 ' half of the nos transcript were the most 
effective, even more so than the full length coding 
region, showing that various regions of a coding 
sequence in the opposing orientation can all have 
a positive effect on gene inactivation but, depend- 
ing on the fragment sequence or length, the level 
of suppression can vary, Rothstein et al. [5] cloned 
only approximately 2/3 of the 5 ' portion of the nos 
gene in the reverse direction » and was able to 
reduce activity in transformed tobacco plants from 
10 to 50-fold. 

A construct which generated transcripts con- 
taining the 5' terminal 172 bp of the CAT gene in 
the antisense direction was found to be less effec- 
tive than the full length CAT gene sequence in 
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transgenic tobacco plants [117J. Id another study Log 1239 bp was essentially ineffective, giving t 

[129] using several fragments of the CAT gene extremely variable results. When rhis construct I 

coding sequence fused to a soybean tRNA was portioned into two smaller fragments, the cen- » 

methionine gene, it was determined that a 341 bp trai region of the sequence was shown to be more t 

segment from the 3 ' portion of the CAT gene was efficient than those from the extreme V end. It < 

an effective construct while a 5' region of 1 54 bp was denoted that the difference in levels of inhibi- 1 

was not as efficient at suppressing CAT activity m tioo brought about by the various fragments, 3 

carrot protoplasts. Two other 5 ' fragments of 214 especially with those containing the same se- $ 

and 391 bp were not capable of suppressing gene quences, could be accounted for by changes in al- t 

expression and were likewise shown to be ineffl- tcrauons of stability and possibly the secondary fc 

ciently transcribed in an in vitro transcription structure Of the antisense RNAs. li 

assay using heterologous cell extracts known to li 

support polymerase III transcription. 8. Mechanisms of action C 

To determine which region of the GUS gene was 

responsible for inhibition, plasmids containing Despite the amount of literature that has amass- a 

various sequences of this gene were cloned in the ed on this system of gene regulation, there are few * 

antisense orientation (120), including a full length studies which have directly addressed mechanisms 

sequence with and without a promoter, three 5' or modes of action in plant systems. From studies P 

terminal sequences (with 647. 583 and 68 bp of an- w jth endogenous gene suppression in plants, one * 

tisense) and a 3 ' terminal sequence (1239 bp of an- overriding theme that is generally noted is the ao- * 

tisense) linked to the CaNfV 35S RNA promoter. companying reduction in target mRNA accumula- o 

The full length sequence with a promoter gave a tion when antisense* RNA is present [90,117]. 

60-70% inhibition as did the two 5' terminal con- Below is a collection of studies which are 

structs of longer lengths. The 5/ construct with categorized according to individual theories on 01 

only 68 bp of antisense sequence and the how antisense RNA functions in the cell at the mo- w 

promoter-less full length antisense gene were com- lecular level (summarized in Table 2). re 

-pletcly inactive, the latter result confirming that tfc 

antisense trahscrijption is necessary for the in- 8.1. Transcriptioml/posuranscripuonat control <u 

hibitory effect. The 3' terminal construct contain- If antisense RNA directly affected transcription, cl- 

th 

w 

Tabic 2 Ct 

Theories on antisense mechanisms In plants m 



in 

Travcrtptionab'posttrcnscnptionai control 

1 . Transcription r ates of anuscosc rnd targe: gene ire unaffected 

2. Levels of target mRNA cor relate to phenotypic changes 

3. No excess antisense RNAs detected 

4. Targ« transcript pool Sflr if causal factor in down regulation 

5. Transcription rate of targrt RNA same level in control and trarugeoei 
6\ Same level of antisense RNA givcj varying degree* of inhibition 

7, Antiseose RNA levels same in u«5uc exprc^'ag and devoid of target RNA 

8. Introca not procesved in coding regions of antisense jcn« 

Transtaiionai control 

1. Levels of antiscasc transcripts correlate to degree of inhibition 

2. No change in steady state level of endogenous mRNA 

3. Lower target protein symhttis correlate* to reduced targe? mRNA 

4. Tola! aad ss RNA preps yield S3ir } e level of target RNA 

5. Antisense oligc* can inhibit in-vitro translacion 
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the effect would be through. an interaction with the 
DNA template or the nascent sense transcript, 
which would more than likely involve premature 
termination. There is no evidence to support either 
one of those interactions and since it has frequent- 
ly been reported that the transcription rate of the 
antisense and the target gene are unaffected by ex- 
pression of the antisense sequences, this suggests 
that the repressive effect is functioning post- 
transcriptionally [58.14GJ. It has been postulated 
that if transcript abundance were not the rate- 
limiting step, the inactive state may not be noted 
[94]. 

Antisense transcripts could affect transcription 
at the level of mRNA processing by interfering 
with splicing of introns during the maturation of 
the mRNA {124]. Two introns contained in the 
pectin methylesterase gene (74], when placed in the 
antisense orientation, were not processed. The 
same introns were excised when the construct was 
oriented in the sense format, also providing evi- 
dence for posttranscriptionai regulation. 

Early theories proposed that an RNA duplex 
between the antisense RNA and the target RNA 
was the initial causal factor contributing to the 
repressed effect. It has farther been hypothesized 
that such a double stranded RNA molecule is 
unstable and an easy target for degradation by nu- 
clear RNases. Investigations looking in earnest for 
the duplex formation have continually come up 
without any evidence: Steady-state levels of target 
chalcone synthase (CHS), but not the antisense, 
mRNA correlated well with the degree of changes 
in floral pigmentation, indicating that perhaps a 
combined degradation of the mRNAs occurred 
after duplex formation (52,53). But even in the 
transgenic plants with the most extreme 
pheootype, white flowers in petunias, no excess of 
antisense CHS mRNA was detected^ (140] . No 
duplex formation was observed in any of the trans- 
formants and often no antisense CHS RNA was 
present, implying that RNA duplex formation 
might not be the sole mechanism for the observed 
down regulation of the CHS gene. Furthermore, 
CHS mRNA isolated from these white flower buds 
was totally susceptible to RNase A digestion sug- 
gesting the absence of RNA duplex formation be- 
tween the CHS sense and antisense RNAs [53]. 



Other research which has addressed the mecha- 
nism of antisense regulation in plants comes from 
studies involving suppressing of ribulose bisphos- 
phate carboxylase (Rubisco), the major regulatory 
enzyme of carbon metabolism, as an alternative 
approach in the study of nuclear-chloroplast inter- 
actions in photosynthesis (31,96]. Expression of 
antisense DNA sequences from the small subunit 
(SS) of Rubisco gave rise to drastically reduced 
levels of SS mRNA and protein, as well as the pro- 
tein from the large subunit (LS) but not the 
mRNA from LS, suggesting that regulatory 
mechanisms exist between two compartments, the 
nucleus and the chloroplast where SS and LS are 
encoded respectively. It appears that rbcS 
transcript pool size is the determining factor 
regulating Rubisco levels. Pulse-labeling experi- 
ments indicated that the r&cL rnRNAs were 
translated with about the same efficiency in the 
transgenic and the control plants, . implicating 
posttranscriptionai regulation. From Northern 
data, the rfccS mRNA antisense transcripts were 
noted to accumulate to low abundance, as with the 
CHS system described previously, with levels vary- 
ing between transformants. Results marked no 
preferential degradation of antisense mRNA in 
target gene tissues (leaves) since comparable an- 
tisense RNA levels were observed in root tissues 
which do not synthesize endogenous rbcS mRNA. 

Rothstein et al (5J used the nos promoter to 
transcribe the sense nos sequences and the CaMV 
35S RNA promoter to drive the nos antisense se- 
quences in transformed tobacco plants. Analysis 
of the steady-state levels of transcripts by RNase 
protection assays indicated that the antisense 
RNA level was approximately equal to the level of 
nos mRNA in control plants. An antisense mecha- 
nism was proposed where double-stranded RNA is 
degraded more rapidly than the unhybridized 
RNAs, since it appears that suppression is work- 
ing primarily through a decline in the sense 
mRNA level. 

Sheeny et al. [58] noted that tomato transform- 
ants that had very different levels of antisense 
RNA all exhibited approximately the same drop in 
the level of polygalacturonase (PG) enzyme and 
that the synthesis of the endogenous PG mRNA 
was not totally eliminated, suggesting a post- 
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transcriptional mechanism for down regulation. RNA occurs, these results suggest a stable duplex 

This idea was further strengthened by nuclear mn- formation which is transported, ultimately causing 

off experiments illustrating that PG mRNAs are an interference with the translation machinery, 

transcribed at the same rate in transgenic and con- The antisense alfalfa glutamine synthetase j 

trol plants, but antisense PG mRNAs are {Q$\) transcript was able to suppress GS^ in i 

transcribed at a higher rate. It could be postulated, tobacco, to which it showed a lower degree of ho- i 

that as quantities of antisense raRNA accumulate, moiogy, suggesting that duplex formation over a • 

that the duplex formed with the sense mRNA is short sequence length is sufficient for effective , 

continually degraded and unable to accumulate down regulation [133]. Although an accumulation < 

and consequently very little PG protein is made of high levels of GSj transcripts was observed and ( 

[31). In other tomato fruit ripening experiments* could be correlated to the degree of inhibition of r 

the reduction in the level of PG mRNA noted oo protein synthesis, there appeared to be no change c 

curs concomitantly with a reduction in PG activ- in the steady-state level of GS mRNA from the c 

ity, indicating that antisense RNA cannot simply endogenous gene. This would imply that the RNA e 

inhibit mRNA translation [72). beteroduplex would be stable, acting like RNA a 

From the above data, it seems plausible that the molecules with extensive secondary structure, and c" 

antisense RNA may be functioning at different that inactivation is occurring at the translation*! q 

levels to attain silencing. In systems where endo- level cither, through blocking of ribosome binding ti 

genous antisense transcripts occur, the role of such or transport out of the nucleus. tl 

a complementary strand is speculated to be at the Both RNA level and translation efficiency were g 

posttranscriptional level where regulation is prob- reduced in transgenic tobacco plants expressing q 

ably due to alterations in mRNA stability [30]. the antisense bialaphos (bar) resistance gene which u 

Since foreign genes used to transform plants do encodes the phosphinotricin acetyl transferase 

not contain 5' leader, sequences, it is unlikely that (PAT) protein [U9\\ Plants expressing the an- *s 

: the inactivation is occurring at the site of transla- tisense transcript showed a 13-fold lower protein R 

tion initiation [7J. Direct evidence of interactions synthesis of PAT when compared to wild type lev- ti 

\ between sense and antisense RNAs comes from els and was proportional to the reduced accumuia- pj 

studies aimed at viral RNAs encoded in the cytr> tion of bar mRNA, but not the antisense mRNA. tit 

plasm [102,105.1061. The rate of turnover in bar RNA, from inhibitor di 

Hamilton and Grierson [Ml] contend that if a experiments, was noted to be the same in control m 

duplex is formed between the sense RNA and the and transgenic plants [31 J. Preparations of total st 

antisense RNA and subsequently degraded, then RNA contained similar quantities of bar RNA fn 

both genes would be suppressed, not only the when compared to si ngle* stranded Us) RNA la 

sense gene. They propose that only a brief, partial preparations, meaning rapid degradation and low ca 

interaction occurs between the two transcripts, accumulations of any duplexes that were formed. ac 

preventing the sense primary transcript from If it is assumed that the major portion of the. ss bar sit 

maturing, implying that the fate of the antisense RNA detected represents cytoplasmic RNA, then Tl 

transcript is independent of the sense transcript. the reduction in protein synthesis is probably due be 

to translation interference, most likely caused by tis 

8 J. Translationai control unstable base pairing rather than a hinderance of di« 

There have been some reports where the mode transport from the nucleus. R; 

of action for antisense control has implicated cyto- Two oligodeoxynucleotides complementary to ab 

plasmic inhibition noted by a' reduction in the sequences of the 5 ' end of the pi 26 gene of tobac- ch 

translation rate of the target sequence either with co mosaic virus (TMV) were able to inhibit in vitro su» 

or without a concomitant decreased accumulation translation of the genomic RNA and this effect oe» 

of its transcript. In contrast to nuclear inhibition, was attributed to a direct interference with bit 

where it is proposed that degradation of a duplex ribosome function (142). 
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9. Perspectives 

li is obvious that the use of antisense DNA or 
RNA is a very useful strategy in the down reguJa- 
tion of genes in plants. Replete examples exist in 
the literature where antisense sequences have been 
successful in achieving partial or complete inacti- 
vation of target genes signifying that this technol- 
ogy has a broad range of utility. But to more 
effectively develop the use of antisense RNAs for 
plants, a variety of questions still need to be ad- 
dressed, namely mechanisms. Probably the most 
overriding question is 'Can attaining the antisense 
effect in plants be standardized so that it becomes 
a routine method?'. It would be idea] to be able to 
draw upon observations of complementary se- 
quences that exist naturally in plant systems, but 
the yet undefined role of these transcripts excludes 
that route. Therefore, if we are to reach such a 
goal, many factors, suspected to have a conse- 
quence on the inhibitory level, will have to be 
tackled. 

Does the antisense transcript need to present at 
'super'-stoichiometric levels? One area of antisense 
RNA design that could easily lend to optimiza- 
tion is the choice of promoters; Inducible 
promoters might serve a useful role [126,127], par- 
ticularly where a null mutation would cause a 
disruption of normal cellular growth and develop- 
ment. On the other hand, the use of truly con- 
siitutively expressed promoters [129) would be 
fining for those si tuanons, such as vixal gene regu- 
lation, where the appearance of the target gene 
cannot be controlled. Since it is thought that the 
antisense effect is very specific, continual expres- 
sion could easily be tolerated by the plant system. 
The use of strong promoters (5,1221 is thought to 
be the best method for achieving high levels of an- 
tisense expression, although some reports have in- 
dicated that only minimal amounts of antisense 
RNA were required to inhibit target genes, even if 
abundantly expressed (31,121). The use of 
chimeric promoters consisting of structural RNAs, 
such as the tRNA genes (129), may provide the 
necessary secondary structures required for both 
biological activity and increased stability. 

What is the most effective target sequeoce? 



When constructing the antisense gene, the degree 
of homogeneity to the target gene, the length of the 
sequence strand and the regions contained within, 
which are perhaps required for association with 
other molecules, are more difficult considerations. 
In some eulcaryoiic systems, designing an antisense 
RNA where the 3' end would conceal the 5' cap 
structure and thus prevent ribosome association, 
would seem feasible. But, in plant systems, where 
bacterial reporter genes have been down regulated 
without the necessary 5' leader region* it can be 
reasoned that inhibition is probably occurring in 
the nucleus. The many different possible modes of 
action for inhibition in the nucleus complicates an- 
tisense RNA design, but the overall effort 
(whether using 3', internal or 5' sequences) is 
presumably forcing a secondary structure that 
restricts the availability of the target sequences for 
subsequent association or binding. Determining 
the length of that sequence probably depends on 
the critical nature of RNA duplex degradation by 
specific RNases. The percent homology between 
the antisense and target sequences may contribute 
to the stability of the heteroduplex, where it has 
been suggested that a degree of heterogeneity may 
be advantageous [J 33]. Factors which may be de- 
finitive in calculating the critical sequence length 
or content and of which no substantial data is yet 
available are those such as the potential secondary 
structure, the GC content, or the protein binding 
sites, which may ail play an important role in the 
efficiency of the regulatory effect. 

Is the relative position of the antisense transgene 
to the target sense gene a factor in the efficiency of 
suppression? As mentioned earlier, the random 
nature of antisense transgenes leads to a wide vari- 
ety of levels of inhibition. Increasing the copy 
number can give negative or positive effects with 
regards to the degree of inhibition noted [123]. 
Where no effect has been observed with an 
increase in gene copy number (?]. it has been 
speculated that relative positioping of the trans- 
gene is the ultimate influencing factor upon regula- 
tion. Flanking sequences have also been impli- 
cated in affecting the qualitative and quantitative 
influence on gene expression (7). The overall 
variability within plant systems complicates corn- 
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parative analysis, cither between antisense genes, 
promoters or even the repressive effect in different 
tissues. It nught be useful to keep in mind that, as 
Mattke et ai. (9] pointed out, the most consistent 
and stable expression in plants has been derived 
from those constructs where repeated elements 
were lacking and single copies of transgenes were 
cloned. 

Although it is apparent thai the concentration, 
stability and localization of antisense RNA within 
the cell is important for its activity, it is still 
unclear at what level antisense RNA must act to be 
most effective. Many different theories have been 
proposed for the mechanism of action of the an- 
tisense RNA in the cell, suggesting that perhaps 
more than one mode is functional or thai suppres- 
sion may work differently from one plant system 
to another or even between different genes in the 
same system. Where in the cell does the inhibitory 
effect taice place, nucleus or cytoplasm, and at 
which point in the flow of information, from DNA 
template to the protein product, does the optimal 
effect result? Many observations noting that the 
transcription rate of the antisense and the target 
gene are unaffected by the expression of the an- 
tisense sequences have given rise to the theory that 
the repressive effect is functioning posttranscrip- 
tionally [58,140]. Are RNA duplexes formed be- 
tween the sense and antisense transcripts and, if 
so, arc they degraded by specific RNases? Since 
CHS sense expression gives an antisense effect, 
without the possibility of RNA: RNA duplex for- 
mation, there may be other mechanisms working 
[14] such as interference with the transcription 
process itself resulting from the antisense RNA in- 
teracting with the endogenous target DNA [122], 

Does an uowindase activity as that noted in 
mammalian systems [143J also exist in plants? Very 
few studies bave observed a reduction in expres- 
sion specifically due to an interference with trans- 
lation, but in those cases, it is possible that export 
of the proposed duplex into the cytoplasm was 
blocked. To further define whether the regulatory 
effect is occurring in the nucleus or the cytoplasm, 
more investigations are needed. One possible study 
to gain more insight might include restricting 
transport outside of the nucleus. Perhaps in depth 
studies with viral genes, where replication is 
known to occur in the cytoplasm, or analysis of 



antisense genes directed against mitochondrial 
genes known to be transported from the nucleus, 
would add to the overall knowledge. 

But, for the time being, although tedious, each 
proposed antisense sequence will have to be em- 
pirically analyzed for its optimum length, homol- 
ogy to coding region and specificity of action to 
achieve the desired suppressive effect. 
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ON BRIEF 
DECISION ON APPEAL 

This is a decision on appeal under 35 U.S.C. § 134 from the examiner's final 
rejection of claims 1 and 3-7. Claim 1 is representative of the subject matter on 
appeal, and reads as follows: 

1. A method for inhibiting the growth of breast cancer cells expressing prolactin 
receptors comprising contacting the cells with an effective amount of a growth 
hormone analog, wherein the analog is an antagonist which binds to the prolactin 
receptor and the analog is a variant of a naturally occurring growth hormone which 
includes an amino acid variation that reduces growth hormone receptor binding at 
site two by at least two-fold in relation to native growth hormone. 

The examiner relies on the following references: 



Kopchick et al . (Kopchick) 5,350,836 Sep. 27, 1994 

Phares, "Regression of Rat Mammary Tumors Associated with Suppressed Growth 
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Hormone," Anticancer Research, Vol. 6, pp. 845-848 (1986). 

Watahiki et al . (Watahiki) , "Conserved and Unique Amino Acid Residues in the 
Domains of the Growth Hormones, " J. Biol. Chem., Vol. 264, pp. 312-316 (1989). 

Chen et al . (Chen), "Expression of a mutated bovine growth hormone gene 
suppresses growth of transgenic mice," Proc . Natl. Acad. Sci . , Vol. 87, pp. 5061- 
5065 (1990) . 

Claims 1 and 3-7, which stand or fall together, stand rejected under 35 U.S.C. § 
103 (a) as being obvious over Kopchick. In addition, claims 1 and 3-7 stand rejected 
under 35 U.S.C. § 103 (a) over the combination of Chen, Phares and Watahiki. After 
careful review of the record before us, we reverse both rejections. 

BACKGROUND 

Growth hormone is a member of a homologous hormone family that also includes 
prolactins, placental lactogens, and other genetic and species variants of growth 
hormone. Human growth hormone not only binds to its own receptor, but can also bind 
to either cloned somatogenic or prolactin receptors. See Specification, page 3. The 
human growth hormone sequence is known, and the hormone has been cloned. See id. at 
pages 3-4. 

Prolactin and growth hormone are known to play a role in the development and 
progression of breast cancer. The majority of breast cancer cells overexpress the 
prolactin receptor, and human breast cancer cell lines have been shown to respond 
to both prolactin and growth hormone when grown as solid tumors in nude mice. See 
id. at page 5. 

*2 Growth hormone and the class of conformational ligands to which they belong 
form a 1:2 complex with their receptor, with a first ligand binding site, which the 
specification refers to as site 1, binds to a first receptor, and then a second 
receptor binds to the hormone at the second ligand site, site 2. See id. at page 6. 
Coupled with the knowledge of the conformational structure of the ligand, the 
specification states that one can design hormone agonists or antagonists by 
introducing amino acid variations into sites 1 and/or 2. See id. at pages 6-7. The 
specification states that 

[i]n particular, antagonists for polypeptide ligands are provided which 
comprise an amino acid sequence mutation in site 2 which reduces or eliminates the 
affinity of the ligand for the receptor at site 2. Ideally, the ligand antagonist 
analog will have low or no affinity for receptor at site 2 and will have elevated 
affinity for receptor at site 1. 
Id. at page 7. 

The claimed invention is drawn to a method for inhibiting growth of breast cancer 
cells through the use of a growth factor antagonist, wherein the antagonist has an 
amino acid variation that reduces ligand binding at site 2 by at least two- fold. 
Also claimed is a preferred antagonist, wherein the glycine at position 120 of 
human growth hormone has been mutated to arginine (G120R) . 

DISCUSSION 

The answer contains two grounds of rejection, both based on obviousness. We will 
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address the obviousness rejection in reverse order, addressing the rejection over 
Kopchick first. 

The Answer relies on the Kopchick reference for teaching growth hormone receptor 
antagonists, and specifically for teaching that the mutant in which the glycine at 
position 120 has been mutated to arginine (G120R) is a growth receptor antagonist. 
With respect to the use of using such growth hormone antagonists to treat breast 
cancer, the Kopchick reference states: 

It has been suggested that long-activity somatostatin analogues may have value 
in the control of breast and prostate cancers. Manni, Biotherapy, 4:31- 36 (1992). 
Manni hypothesizes that they could inhibit tumor growth by a number of mechanisms, 
including inhibiting growth hormone secretion. Growth hormone is implicated because 
it is lactogenic and because it elevates IGF-1 levels. We suggest that the growth 
hormone antagonists of the present invention may be used in the treatment of 
cancers whose growth is facilitated by endogenous growth hormone or IGF-1. 
Kopchick, Col. 3, line 60-Col. 4, line 2 (emphasis added). The reference, however, 
presents no examples, nor does it provide in vitro or in vivo data, wherein the 
disclosed growth hormone antagonists are administered to breast cancer cells that 
express prolactin receptors, as required by claim 1. 

Based on this single paragraph in the Kopchick reference, the Answer concludes 
that "it would have been obvious to a person of ordinary skill in the art to 
administer [growth hormone] antagonists such as [G120R] to mammary tumor cells or 
patients having breast cancer to regress tumor growth because Kopchick et al . teach 
that [growth hormone] antagonists are useful in the treatment of breast cancer. See 
Answer, pages 5-6. 

*3 Appellants argue that the statements in the Kopchick reference are merely an 
invitation to experiment, or that it is merely obvious to try the process suggested 
by the reference, and thus that the reference does not provide a reasonable 
expectation of success of inhibiting the growth of breast cancer cells using a 
growth hormone antagonist. We agree. 

A determination of obviousness not only requires that the prior art would have 
suggested the claimed process to one of ordinary skill in the art, but also that 
the process would have a reasonable likelihood of success when viewed in light of 
the prior art. See In re Dow Chemical Co., 837 F.2d 469, 473, 5 USPQ2d 1529, 1531 
(Fed. Cir. 1988) . A rejection based on a reference or a combination of references 
amounts to an "invitation to experiment," and is thus " obvious -to- try, " "when a 
general disclosure may pique the scientist's curiosity, such that further 
investigation might be done as a result of the disclosure, but the disclosure 
itself does not contain a sufficient teaching of how to obtain the desired result, 
or that the claimed result would be obtained if certain directions were pursued." 
In re Eli Lilly & Co., 902 F.2d 943, 945, 14 USPQ2d 1741, 1743 (Fed. Cir. 1990) . 
The Kopchick reference, while suggesting that growth hormone antagonists may be 
used in the treatment of cancers whose growth is facilitated by endogenous growth 
hormone, does not contain a sufficient teaching that the claimed result would be 
obtained. Thus, the answer fails to set forth a prima facie case that the claims 
are rendered obvious by the Kopchick reference. 

The treatment of cancers, such as breast cancer, is an unpredictable art. The 
somatostatin analogues discussed by Kopchick are hypothesized to inhibit tumor 
growth by inhibiting growth hormone secretion. See Kopchick, col. 3, lines 63- 65. 
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But that is only one of a number of hypothesized mechanisms by which somatostatin 
analogues may inhibit tumor growth. Even if somatostatin analogues act to inhibit 
tumor growth by suppressing serum growth hormone levels, growth hormone 
antagonists, however, actually increase the production of endogenous growth hormone 
in the pituitary, and may lead to increased serum growth hormone levels. See Cronin 
Declaration, page 6. Therefore, the growth hormone antagonists and the somatostatin 
analogues work by different mechanisms, and thus the ordinary artisan would not 
have a reasonable expectation of success from data produced by somatostatin 
analogues in inhibiting breast cancer growth to translate to success with growth 
hormone antagonists. 

The claims were also rejected as obvious over the teachings of the combined 
teachings of Phares, Chen and Watahiki. 

The Phares reference uses a growth hormone agonist, pleroceroid growth factor 
(PGF) to study the effect of endogenous growth hormone levels on the growth of 7, 
12, dimethylbenz (a) anthracene (DMBA) - or N-nitrosomethylurea (NMU) -induced rat 
mammary tumors in vivo. Phares found that PGF caused regression of most of the 
mammary tumors induced by DMBA or NMU, and that endogenous growth hormone serum 
levels were also reduced. The Answer also relied on Phares for teaching that growth 
hormone has been implicated as a growth stimulant for rat mammary tumors and for 
human breast cancer cells, which may be due to its regulatory influence prolactin 
receptors. The reference also states that NMU- induced mammary tumors are regressed 
by the inhibition of growth hormone release from the hypothesis with somatostatin, 
leading to the conclusion that growth hormone plays an active role in mammary tumor 
formation. The Answer acknowledges that the reference does not teach the use of a 
growth hormone receptor antagonist to regress mammary tumor cell growth, but 
asserts that a "routineer would reasonably expect that the removal of [growth 
hormone] influence at the [prolactin] and estrogen receptors located on mammary 
tumor cells will cause tumor regression because decreased serum levels of [growth 
hormone] and, then, reduced activity at the receptors, has been shown to regress 
mammary tumors." Answer, pages 4-5. 

*4 The Answer characterizes Chen as teaching a bovine growth hormone antagonist, 
wherein three substitutions have been made. Watahiki is then relied upon for 
teaching the identity of growth hormones across several species, and that if the 
mutations had been made to human growth hormone, one of the substitutions would 
have been G120R. 

The rejection concludes that it would have been obvious to the ordinary artisan 
to substitute the PGF as used by Phares to reduce growth hormone levels with the 
growth hormone antagonist taught by Chen "because the antagonist would be expected 
to reduce [growth hormone] activity or influence at the mammary tumor cell 
[prolactin] and estrogen receptors like the reduced serum [growth hormone] levels 
found after PGF." Answer, page 5. Because Phares teaches that NMU-induced rat 
mammary tumors are regressed with decreased growth hormone influence, the Answer 
also concludes that there is a reasonable expectation of success that receptor 
antagonism would be useful for the treatment of breast cancer. 

Appellants put forth several arguments why the combination of Phares, Chen and 
Watahiki do not render the claimed process of inhibiting the growth of breast 
cancer cells obvious. In particular, Appellants argue that at most, the combination 
provides an invitation to experiment, and thus does not produce a reasonable 
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expectation of success. Again, we agree, for basically the same reasons discussed 
above with respect to the rejection over Kopchick. 

As pointed out by Appellants, the PGF used by Phares to treat NMU- induced rat 
mammary tumors is a growth hormone agonist. As with the somatostatin analogues, 
growth hormone agonists decrease serum growth hormone levels. In contrast, as 
explained in the expert declaration, growth hormone antagonists may actually 
increase serum growth hormone levels. Moreover, the differences in mechanism 
between the growth hormone agonist PGF and growth hormone antagonists are also 
demonstrated by the fact that PGF treated animals demonstrate increased growth, 
whereas growth hormone antagonist treated animals have decreased levels of growth. 
Thus, there is no reasonable expectation that replacing the growth hormone agonist 
of Phares with the postulated growth hormone antagonist taught by Chen would result 
in inhibiting the growth of breast cancer cells. 

The Answer asserts that one of ordinary skill in the art would have understood 
that Phares teaches that PGF reduces serum growth hormone, and that it would have 
been obvious to a routineer that a growth hormone antagonist would have the same 
effect- -to block or prevent growth hormone from binding to the receptor. It is 
unpredictable, however, what effect that the antagonist will have at the receptor, 
as demonstrated by the fact that in Phares, the experimental animals treated with 
PGF experienced an increase in growth, whereas the instant specification teaches 
that animals treated with growth hormone antagonist have decreased growth. Thus, 
while Phares may have provided the ordinary artisan incentive to try the use of a 
growth hormone antagonist to reduce the growth of breast cancer cells, because of 
the different mechanisms and the different receptors that may be involved, the 
reference indeed does not provide a reasonable expectation of success of achieving 
the claimed result-- inhibiting the growth of breast cancer cells. 

CONCLUSION 

*5 For the reasons stated above, the rejections of claims 1 and 3-7 under 35 
U.S.C. § 103(a) are reversed. 

REVERSED 

BOARD OF PATENT APPEALS AND INTERFERENCES 

SHERMAN D. WINTERS 

Administrative Patent Judge 

TONI R. SCHEINER 

Administrative Patent Judge 

LORA M. GREEN 

Administrative Patent Judge 
LMG/jlb 
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Document Number Pertinence 

3,143,998 Discloses and illustrates a bookmark 10 comprising a clip member 

1 1 adapted to be attached to the back of a book cover or inserted in 
the binding. A page marker disc 18 is connected with the clip 1 1 
by means of a flexible connector member 19 as, for example, a 
piece of string, cord or nylon line. As stated in Column 2, Lines 
59-62, ". . .connector member 19 is provided with sufficient length 
to permit the reader to place the page marker 18 well down near 
the bottom of the book between the two pages. . 

5,022,342 Discloses and illustrates an apparatus (see Fig. 3) having an anchor 

104 comprising a Velcro®-type hook and loop fastener glued to 
the outside spine 150 of a book. A string 120 (or a plurality of 
strings) attached to one of the Velcro® members has a pair of 
moveable place markers 126 adapted to allow the reader to mark 
places of interest on the page, and knot 130 at the end of the string 



to retain the markers. Other than the suggestion that the markers 
126 may take the form of beads, no reference is made to the use of 
a spreader to facilitate opening the book to the desired pages. 

5,375,884 Discloses and illustrates a one-piece bookmark made of a flexible 

material, like molded plastic, having an attachment portion 
employing a U-shaped clip or other unspecified attachment means 
for removably attaching the bookmark to a book, a long, narrow 
marking section 28 having an end portion that may be plain or may 
consist of a decorative shape such as a round medallion or useful 
object, and a bendable thread section linking the attachment and 
marking portions. No specific mention is made of the use of a 
material like Velcro® or the provision of an enlarged spreader or 
other means to facilitate opening the book at the desired place. 

5,439,254 Discloses and illustrates a flexible paper bookmarker adapted to be 

attached adhesively to the spine of a book for insertion between the 
book's pages. The patent deals primarily with a method for 
making a bookmark out of a one-piece fiber reinforced paper 
which can be die cut in quantity and provided with a surface which 
can be printed or written upon. (See Abstract; Col. 2, lines 37-40.) 



5,515,809 



Discloses and illustrates various forms of a bookmark having a 
removable adhesive at one end for attachment to the spine of a 
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book and a variety of markers adhesively attached to an elongated 
flexible tail member, allowing the reader to selectively mark the 
page. (See Col. 5, lines 28, 32-34.) 

6,109,204 Discloses and illustrates a number of alternative means for 

removably attaching marking means 24 such as a rigid wire or 
flexible ribbon, fabric, yarn or string and may be elastic or inelastic. 

2002/0158462 Discloses and illustrates a more or less conventional bookmarker 
which can be removably secured to the spine of a book by means 
of a pair of tabs separated by a fold line, one of the tabs bearing an 
adhesive for attachment to the spine of a book. (See Abstract; 
Paragraph 0012.) 



D314,589 



Discloses an ornamental design for a bookmark having what 
appears to be an adhesive applied to its upper surface for 
attachment to the inside of the spine of a bound book. 



D453,185 



Discloses the ornamental design for a ribbon bookmark as shown. 



PCT/US82/01 104 Discloses and illustrates a clip-on bookmark having resilient means 
for fastening onto the spine or pages of a book. (See Abstract.) 
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